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Abstract
Supraglacial dust and debris aﬀects many glaciologic variables, including ra-
diative absorption, ablation, generation of supraglacial melt as well as mass
ﬂux. Earth observing satellite technology has advanced greatly in recent
decades and allows for unprecedented spatial, temporal and spectral imag-
ing of Earth’s glaciers. While remote sensing of ‘clean’ glacier ice can be
done quite successfully, strategies for satellite mapping of supraglacial de-
bris remain in development. This work provides the ﬁrst visible to thermal
infrared full optical spectrum satellite data analysis of supraglacial dust
and debris characterization and diﬀerentiation. Dust and debris covered
glaciers in the following six contrasting study regions were targeted: Ice-
land, Nepal, New Zealand, southern Norway, Svalbard and Switzerland. A
combination of ﬁeld spectrometry and surface samples of snow, ice and de-
bris were utilized to investigate supraglacial dust and debris diversity. This
in situ data served as ground truth for evaluating spaceborne supraglacial
debris mapping capabilities.
Glacier snow, ice and debris samples were analyzed for mineral composition
and inorganic elemental abundances via the following analytical geochemical
techniques: X-ray diﬀraction, X-ray ﬂuorescence spectroscopy and induc-
tively coupled plasma mass spectrometry. A synoptic data set from four
contrasting alpine glacier regions – Svalbard, southern Norway, Nepal and
New Zealand – and 70 surface snow, ice and debris samples was presented,
comparing supraglacial composition variability. Distinct supraglacial geo-
chemical abundances were found in major, trace and rare earth elemental
concentrations between the four study regions. Elemental variations were
attributed to both natural and anthropogenic processes.
Over 8800 glacier surface spectra were collected in Nepal, Svalbard and
Switzerland, as well as from Nepal, New Zealand and Switzerland debris
samples. Surface glacier debris mineralogy and moisture content were as-
sessed from ﬁeld spectra. Spaceborne supraglacial dust and debris min-
eral mapping techniques using visible to shortwave reﬂective and thermal
emissive data were evaluated. Successful methods for mineral identiﬁcation
allowed mapping of volcanic vs. continental supraglacial debris, as well as
diﬀerent mineral classes within one glacier’s supraglacial debris. Granite- vs.
schist-dominant debris was mapped on Khumbu glacier in Nepal. Iron-rich
vs. iron-poor serpentine debris was mapped on Zmutt glacier in the Swiss
Alps. Satellite emissivity derived silica mapping suggested potential use of
silica thresholds for delineation of debris covered glacier extent or sediment
transport and weathering processes. Satellite derived surface temperatures
were compared in Iceland, Nepal, Switzerland and New Zealand glacier
study regions, with results demonstrating variations in supraglacial temper-
atures coincident with changing mineral abundances. Consistently higher
surface temperatures with increasing dust and debris cover were mapped at
all four glacier study regions. Repeat supraglacial debris imagery was used
to estimate ablation area velocities and particulate transport times at debris
covered glaciers. Velocity derivations used in conjunction with supraglacial
composition variation analysis from shortwave and thermal infrared false
color composites, allowed for estimation of glacial mass ﬂux in the Khumbu
Himalayas.
In short, the visible to thermal infrared satellite spectral analysis, combined
with in situ spectral and geochemical ground truth data, proved that glacier
dust and debris characterization is possible via satellite spectral data. Fur-
thermore, this supraglacial dust and debris satellite characterization can be
applied to a range of glaciologic studies, including thermal, mass balance
and surface process interpretations on large spatial and temporal scales.
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1Introduction, Motivation and
Objectives
Dust and debris is common to many of the world’s glaciers and can impact radiative
glaciologic processes (e.g. energy balance, melt rates, generation of supraglacial melt
ponds or lakes) (Nakawo and Young, 1981; Pelto, 2000; Wessels and others, 2002),
glacial kinematics (Iwata and others, 2000; Ka¨a¨b and others, 2006), and may be spa-
tially changing in coming years due to changing climate and atmospheric circulation
patterns (Scherler and others, 2011; Oerlemans and others, 2009; Kok, 2011).
Spaceborne supraglacial dust and debris geochemical diﬀerentiation has received
limited focus to date (e.g. Wientjes and Oerlemans, 2010, Greenland ablation zone
‘dark region’). Several multi- and hyperspectral Earth observing sensors now oﬀer
over a decade of unprecedented spectral resolution glacier data and the opportunity
to test supraglacial dust and debris mapping methods. Satellite remote sensing of
glaciers is crucial to regional (e.g. Ka¨a¨b and others, 2002; Schneider and others, 2007;
Bolch and others, 2010a) and global glacier monitoring inventories (Raup and others,
2007; Paul and others, 2009). Although supraglacial dust and debris (or composition)
are not currently central aims of glacier inventories, such information could be of key
use in many glaciologic and climate applications. The geochemical composition of
supraglacial dust and debris can reveal diﬀering atmospheric and regional inﬂuences
aﬀecting glaciers.
With the motivation of characterizing surface glacier geochemical composition via
multi- and hyperspectral remote sensing, the speciﬁc objectives of the dissertation work
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are summarized as follows:
• Collect glacier surface samples in contrasting glaciologic and geographic regions.
Measure geochemical composition of snow, ice and debris samples using induc-
tively coupled plasma mass spectrometry, X-ray diﬀraction and X-ray ﬂuorescence
spectrometry.
• Collect in situ supraglacial spectral data in contrasting glaciologic and geographic
regions. Assess in situ spectra for geochemical composition using spectral library
geologic references. Compare ﬁeld collected spectra with satellite spectral re-
ﬂectance.
• Investigate full optical spectrum, visible to thermal infrared (reﬂective and emis-
sive) diﬀerences of supraglacial dust and debris in distinct regions. Calculate
reﬂectance, emissivity and surface temperatures of diﬀering debris types and spa-
tial distributions of debris.
• Evaluate optical satellite remote sensing methods to characterize composition and
radiative properties of supraglacial dust and debris. Present preliminary results
towards glaciologic implications of diﬀering dust and debris types.
These objectives were addressed via the ﬁeld collected glacier spectra, glacier sur-
face samples, and satellite multi- and hyperspectral glacier reﬂectance and emissivity
analysis in six diverse study locations. The following sections provide the scientiﬁc
background, data and methods used, implications and outcomes of the work as well as
the publications resulting from this dissertation.
2
2Scientiﬁc Background
2.1 Glacial geochemistry
2.1.1 Inﬂuence of the atmosphere on glacier composition
Understanding the interactions between the Earth’s atmosphere and cryosphere is of
paramount importance to global radiative energy balance and climate. From glacier
dust and soot radiative forcing studies (e.g. Hansen and Nazarenko, 2004; Paul and
others, 2005) as well as ice core composition studies (e.g. Thompson, 2000; Gabrielli
and others, 2010), particulate deposition on glaciers has been shown to be a signiﬁcant
variable requiring further deﬁnition. Emerging research suggests global atmospheric
dust and soot ﬂux may be underestimated, especially in consideration of changing
climate and atmospheric circulation patterns (Kaspari and others, 2011; Kok, 2011).
Consequently, these particulates may have larger impacts on glacier radiative energy
balance than currently understood (e.g. Xu and others, 2009).
Natural environmental processes as well as human activities cause a vast amount of
aerosols, or small particulates, to be injected into the atmosphere. In fact, 1000-5000
million tons of aerosols of all types – both natural (e.g. continental dust, volcanic
ash, sea salt) and anthropogenic (e.g. fossil fuel emissions, metal production, waste
incineration) are emitted into Earth’s atmosphere each year (Tegen and Fung, 1995;
Arimoto, 2001; Christopher and others, 2009). These particulates exist in seasonal
cycles (Tegen and Schepanski, 2009), are derived from distinct origins (Mahowald and
others, 2009), and their transport can be modeled (e.g. Figure 2.1) (Zender and others,
2003; Stohl and others, 2005; Yue and others, 2009). Atmospheric transport models
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(e.g. FLEXPART, a Lagrangian particle dispersion model, see (Hirdman and others,
2010)) can potentially allow for estimations of supraglacial dust composition based
on source regions. Atmospheric dust source regions modeled by Mahowald and others
(2009) show African and Asian dust being the largest deposition contributor to northern
hemisphere glaciers, while South American and Australian dust aﬀects Antarctica, New
Zealand and South American glaciers.
Figure 2.1: Atmospheric inﬂuence on glaciers - The ﬁgure shows the geographic
distribution of land-based ice (in black after Global Land Ice Measurements from Space,
GLIMS) on modeled mean annual wet and dry dust deposition after Yue and others (2009)
(units g per meter squared per year).
In the atmosphere, as snow and ice crystals form, they nucleate about atmospheric
particulates (except when temperatures are below -38◦C and homogeneous freezing oc-
curs without a nucleation particle) (Zimmermann and others, 2008; Cziczo and others,
2009; Knopf and others, 2011). Whether or not a particulate is at the center of a
snow or ice crystal, as precipitation falls to Earth’s surface, it can also assimilate other
particulates. Both natural and anthropogenic particulates can be transported from
source areas to remote locations and incorporated into precipitation which is deposited
on glacier surfaces (Tatsumoto and Patterson, 1963; Barrie, 1985; Pacyna and Pacyna,
4
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2001; Osterberg and others, 2008; Kaspari and others, 2009). As a result, a unique
‘signature’ of atmospheric aerosols is recorded in glacial geochemistry and can be ana-
lyzed in surface snow and ice or in ice cores (Thompson, 1980; Wake and others, 1993;
Schwikowski and Eichler, 2010).
2.1.2 Evolution of ice composition
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Figure 2.2: Solubility of the elements - The plot presents the meteoric solubility
of the elements measured in the study regions, where the geochemical reference standard
Mean Ocean Residence Time (MORT) is given relative to the chemical partition coeﬃcient
(of sea water to upper continental crust) (further detailed in Taylor and McLennan, 1985;
Rudnick and Gao, 2003).
The geochemical composition of supraglacial ice evolves over days, seasons and
years. Atmospheric deposition of particulates ﬂuctuates with season, weather or emis-
sion event (e.g. a volcanic eruption, smelter emission). Proximity to the ocean, pol-
lutant, dust or biomass emission sources can change speciﬁc element abundances (e.g.
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Na, Ca, Fe) on the glacier surface (Barrie, 1985). Evidence of large seasonal dust vari-
ability aﬀecting surface ice composition has been demonstrated by Himalayan ice core
analysis (e.g. Kang and others, 2000; Kreutz and others, 2004), and much longer thou-
sand year interglacial dust variability in glacial geochemical composition by Antarctic
ice core measurements (Petit and others, 1999; Gabrielli and others, 2010).
Not only atmospheric wet and dry deposition, but also local dust or rock fall, biotic
processes (Yoshimura and others, 2000; Takeuchi, 2002; Hodson and others, 2008), wind
exposure, glacial slope and/or resurfacing of sediments and elements from englacial
transport can inﬂuence supraglacial ice composition over time. Glacier motion can
crush englacial sediments and bedrock to rock ﬂour, allowing for remobilization of
reactive trace elements within minerals to glacial ice (Tranter, 2003). There is also
growing research on the role of biotic processes in supraglacial composition and pro-
cesses (e.g. Kohshima and others, 1992; Hodson and others, 2005). For example, biota
can change inorganic element oxidation states, and thus potentially aﬀect solubility of
inorganic species on glacier surfaces.
Chemical reactions at the glacier surface are regulated by factors including solar
radiation, surface temperature, wind and the presence of melt water. These factors
change glacier surface geochemical abundances as soluble species in particulates (e.g.:
Na) are washed away in runoﬀ, percolated downward in the snow pack with successive
melt and refreeze cycles, or as particulates are concentrated by surface sublimation (Col-
beck, 1981; Tranter and others, 1986; Fountain, 1996; Ginot and others, 2001). In polar
regions, solar radiation can strongly inﬂuence seasonal atmospheric and supraglacial
composition (e.g. Hg, detailed in Lu and others, 2001; Ferrari and others, 2008). The
tendency for an element to be soluble is determined by intrinsic chemical properties
(e.g. ionization potential, electronegativity and valency). Figure 2.2 displays meteoric
solubility (i.e. solubility of elements in natural water with atmospheric interaction)
of the elements measured in this dissertation work. Insoluble elements, metals and
mineral grains tend to stay on the glacier surface (e.g. Kreutz and Sholkovitz, 2000),
while salts dissolve readily. This insolubility can be utilized to identify source material
(Taylor and McLennan, 1985; Rudnick and Gao, 2003). Insoluble elements are targeted
by this work to investigate particulate origins and anthropogenic vs. natural inﬂuences
to supraglacial dust and debris (further discussed in Section 2.1.3, Publication II).
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2.1.3 Trace elements as indicators of provenance and anthropogenic
or natural inﬂuences
Glacier dust and debris geochemical variability can be measured and used to further de-
scribe glacial environment variables, including provenance of dust and debris (Marx and
others, 2005), anthropogenic or natural inﬂuences (Hong and others, 1996; Schwikowski
and others, 1999) and even climate when assessed in ice cores (Thompson and others,
2006; Gabrielli and others, 2010). The rare earth elements (REE) provide a series of
relatively insoluble elements with low chemical reactivity, and are thus amenable to
provenance and geochemical cycling studies (Taylor and McLennan, 1985) including
glaciologic (Kreutz and Sholkovitz, 2000; Zhang and others, 2009). Further, the simple
presence of certain trace elements (or isotopes of trace elements) in supraglacial ice can
signal anthropogenic inﬂuence (e.g. Olivier and others, 2003). For example, Pb, V are
fossil fuel combustion and metal production byproducts with high atmospheric emis-
sion rates, yet very low crustal (i.e. natural) abundances. Conversely, the presence of
Mn and Cr in supraglacial ice – elements which have high continental dust atmospheric
emission rates, yet relatively low crustal abundances – can signal naturally derived at-
mospheric deposition sources (this sentence and previous sentence Pacyna and Pacyna,
2001; Hu and Gao, 2008). Trace element isotopes can also be used to investigate at-
mospheric, englacial and subglacial inﬂuences to glaciologic composition and residence
times (Bhatia and others, 2011).
Glacier surface and ice core trace element abundance studies about the globe: for
example, in the Arctic (Tao and others, 2001; Isaksson and others, 2003; Symon and
Wilson, 2005), on the Greenland Ice Sheet (Hong and others, 1996; Bory and oth-
ers, 2003; Osterberg and others, 2006; Banta and others, 2008), in the European Alps
(Schwikowski and others, 1999; Barbante and others, 2004; Sodemann and others, 2005)
and southern Alps (Marx and others, 2005; Purdie and others, 2010), in the tropics
(Thompson and others, 2005), in the Himalayas (Wake and others, 1993; Thompson,
2000; Kreutz and Sholkovitz, 2000; Lee and others, 2008; Aizen and others, 2009; Kas-
pari and others, 2009; Zhang and others, 2009), in the Andes (Correia and others,
2003; Schwikowski and others, 2006; Vimeux and others, 2009) and on the Antarctic
Ice Sheet (Ikegawa and others, 1999; Ruth and others, 2008; Marteel and others, 2008;
Gabrielli and others, 2010) have to varying degrees measured and determined glacier
particulate deposition sources as well as atmospheric, environmental and glaciologic
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parameters. Not only trace elemental studies, but also studies measuring stable iso-
topes (δ18O), major elements (e.g.: Na, Ca) as well as physical properties found in
ice core layers (e.g. density), have been used to reconstruct climate and to determine
accumulation rates over the past several hundred or thousand years (e.g. Thompson
and others, 2006; Henderson and others, 2006). Research outcomes of these various
glacier geochemical investigations have been indisputably ground-breaking in further-
ing understanding of climate, particulate provenance to glaciers, and glacier processes.
Work completed in this dissertation provided a ﬁrst-order data set of supraglacial dust
and debris geochemical variability from diverse alpine glacier study regions and aimed
to explore spaceborne geochemical measurement.
8
2.2 Debris covered glaciers
2.2 Debris covered glaciers
Glacial debris, for example shown on Susitna glacier in Alaska in Figure 2.3, has fas-
cinated glaciologists for centuries (e.g. Russell, 1895; Ogilvie, 1904; Sharp, 1949; Sakai
and others, 2002). Similar to analysis of dust composition revealing several glaciologic
factors, the analysis of debris cover has been demonstrated to provide information on
glacier kinematics (Barsch and Jakob, 1998; Ka¨a¨b, 2005), mass wasting (Fort, 2000),
weathering (Maisch and others, 1999; Anderson, 2005) and energy balance (Mihalcea
and others, 2008; Scherler and others, 2011).
Figure 2.3: Susitna glacier, Alaska - ASTER image acquired 27 August 2009 of Susitna
glacier, located in the Alaska Range in central Alaska. The supraglacial debris patterns
on Susitna glacier indicate the diﬀerential ﬂow of tributary accumulation area glaciers and
historical surges. The image also displays supraglacial melt ponds and reveals chaotic
disintegration toward the terminus. (Image processing by NASA Earth Observatory.)
2.2.1 Distribution and characteristics
While the majority of Earth’s glaciers contain a degree of dust or debris cover in ablation
zones, the heaviest debris covered glaciers are found in areas of extreme topographic
relief (e.g. southern Himalayas, Alps) and around active volcanos (e.g. Iceland, north-
9
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ern New Zealand, Andes). Debris cover on glaciers can range from ﬁne particulates to
several meter in diameter boulders, and can have even, gradual spatial distribution (e.g.
dust, soot or heavy debris) or be arranged along longitudinal medial moraines (Paul and
others, 2004a). Minimal to moderate glacier debris cover enhances melt rates (Warren
and Wiscombe, 1980; Oerlemans and others, 2009) while extensive debris cover can
insulate ice and reduce or dampen melt processes (Østrem, 1959; Fujii, 1977; Mattson
and others, 1993; Takeuchi and others, 2000; Nicholson and Benn, 2006). Downwast-
ing, or the stationary thinning of the glacier as a result of warming temperatures, has
been studied, for example at debris covered glaciers in the Himalayas (Benn and oth-
ers, 2000; Bolch and others, 2008), the European Alps (Paul and others, 2004b), the
southern Alps (Hochstein and others, 1995; Quincey and Glasser, 2009), North America
(Pelto, 2000; Schiefer and Menounos, 2010), and South America (Harrison and Winch-
ester, 2000). Not only ablation rates, but also melt water discharge (Mattson, 1990,
2000) and backwasting (Nakawo and others, 1999), are additional glaciologic variables
that are aﬀected by debris cover.
Ice cored moraines and the generation of supraglacial melt are also key character-
istics of debris covered glaciers (Richardson and Reynolds, 2000; Reynolds, 2000). The
formation of supraglacial melt coupled with englacial drainage, pro-glacial lake calv-
ing and/or ice-cored moraine disintegration can result in chaotic loss of debris covered
glacier ablation areas (Konrad, 1998; Gulley and Benn, 2007; Ro¨hl, 2008). Consequent
glacial lake outburst ﬂoods (GLOFs) can have extreme impacts on downstream ecosys-
tems and settlements. This catastrophic geopotential of many debris covered glaciers,
presents signiﬁcant hazards and necessitates improved understanding and monitoring
of heavily debris covered regions (Evans and Clague, 1994; Kargel and others, 2011).
2.2.2 Debris composition and weathering
Supraglacial debris composition consists primarily of surrounding and accumulation
area glacier geology. Existing geologic maps can be used to predict supraglacial com-
position. For example, glaciologic ﬁeld studies by Fushimi and others (1980) mapped
spatial distribution of granitic vs. schistic supraglacial debris on Khumbu glacier cor-
relating the supraglacial compositions to upper glacier geology.
The lithology of continental debris covered glaciers tends to be characterized by
blocky angular boulders and sediments (Richardson and Reynolds, 2000; Benn and
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Evans, 2010). Heavy volcanic supraglacial debris can be composed of ﬁne grained vol-
canic ash, tephra or large ballistics ejected during eruptions (e.g. New Zealand’s Mt.
Ruapehu September 2007 eruption, described in Kilgour and others, 2010). The diﬀer-
ence between volcanic tephra and continental sediment on glaciers provides potentially
the largest mineral and lithologic supraglacial debris variety with regard to spectral in-
vestigations (Publication III). However, even within continental supraglacial debris,
on one glacier, great compositional variety can exist and can be mapped via spectral
data – e.g. Khumbu glacier leucogranite vs. schist supraglacial debris (mapped in
Publication I) and Valais Swiss Alp Zmuttgletscher serpentine Fe-rich vs. Fe-poor
supraglacial debris (mapped inPublication III). To note, as discussed in Section 2.1.1,
the deposition of atmospherically transported particulates (e.g. dust) can also con-
tribute signiﬁcantly to heavily debris covered glaciers (e.g. Lirung glacier, studied by
Adhikary and others, 2000).
Supraglacial dust and debris composition can evolve as weathering processes oc-
cur coincident with seasonal precipitation, melt/refreeze cycles or supraglacial activity
(i.e. transport) rates. Diagenesis (discussed in Publication I) or precipitate coatings
(discussed in Publication III) weathering processes are capable of changing the geo-
chemical or lithologic characteristics of supraglacial dust and debris. The high activity
of the Khumbu Himalayan glaciers, for example, enhance surface weathering processes
(Benn and Owen, 2002). Further, glacial activity and comminution of englacial sedi-
ments and bedrock can also inﬂuence the composition of supraglacial debris, as en- or
subglacial material is exchanged to the glacier surface over time (Tranter, 2003).
2.2.3 Debris kinematics, entrainment, mass ﬂux
Past surges and ﬂow processes can be evidenced by ogive patterns and looped and folded
moraines (Post and LaChapelle, 1971) (Figure 2.3). Debris mantle assemblages indicate
slope processes such as rock or ice falls or avalanches (Benn and Evans, 2010) or indicate
glacier ﬂow regimes described by glacial movement that is continuous, pulsed or of
surge type (Ka¨a¨b, 2005). Glacial mass ﬂux can be further estimated by repeat spectral
image matching to calculate velocity and theoretical particle transport time (Ka¨a¨b,
2005; Haug and others, 2010; Scherler and others, 2011) (Publication I). Combined
with spectral debris characterization methods, discussed in Section 3.2.2 such as the
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shortwave-thermal infrared image composite (Ka¨a¨b, 2005), a glacial kinematic history
can be revealed.
Figure 2.4: Debris covered glacier kinematics - The left image displays Khumbu
glacier region using a Landsat ETM+ shortwave and thermal infrared false color composite
(bands 5,7,6). The right image is a repeat image matching derived glacier velocity map of
the same area. Limited mass ﬂux from Khangri Nup and Khangri Shar glaciers into the
Khumbu glacier (i.e. at red arrows) is indicated by the distinct break in surface lithology
(blue corresponding with schistic debris, yellow with granitic debris) and reaﬃrmed by the
near zero velocity in this region (further detailed in Publication I).
Distinct geologic sources derived from the accumulation zone, ﬂowing down glacier
or englacially, reemerging in the ablation zone can also be seen in supraglacial debris
patterns (e.g. Ka¨a¨b, 2005). Englacial transport as well as the magnitude of debris trans-
ported can be detected, demonstrated in Publication I at glacial conﬂuences existing
at both Ngozumpa and Khumbu glaciers. Figure 2.4 displays a false color composite
of the Khumbu glacier and highlights mass ﬂux at one such conﬂuence (indicated by
the red arrow). At this conﬂuence of the Khangri Shar and Khumbu glaciers, just
a few kilometers from the Khumbu icefall, evaluation of the lithologic and composi-
tional diﬀerences reveal the limited or slight mass ﬂux from Khangri Shar to Khumbu
glacier. The repeat spectral image matching derived glacier velocity (right side, Fig-
ure 2.4) reaﬃrm negligible transfer of mass at the conﬂuence from Khangri Shar toward
Khumbu glacier, in agreement with the near zero velocities of Khangri Shar glacier to-
ward Khumbu glacier (also detailed in Publication I).
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In order to characterize supraglacial dust and debris variability, ﬁeld spectra and glacier
snow, ice and debris samples were collected at several study glaciers and analyzed
for reﬂectance as well as geochemical composition, respectively. Visible-to-thermal
infrared satellite spectral data from the targeted study glaciers was used to investigate
supraglacial reﬂectance, emissivity and geochemical composition.
Study
Method
Abstract i Publication I Publication II Publication III
VNIR-SWIR eld spec x x
VNIR-SWIR satellite x x x
VNIR-SWIR 
hyperspectral satellite
x x
TIR satellite x x
ICP-MS x
XRD / XRF x x x
Global comparison x x x
Figure 3.1: Study methods - An overview of the data used and methods applied in the
dissertation are visualized in this table.
The following sections detail the in situ data collected as well as the spectral sen-
sors and analytical geochemical techniques utilized. Methods for collecting data, using
visible-to-thermal infrared spectral data and interpreting analytical geochemical data
to investigate supraglacial dust and debris variability are presented. Figure 3.1 visually
summarizes the combination of methods used by each dissertation publication. Lim-
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itations of spectral remote sensing data usage and potential error sources inherent to
analytical geochemistry measurements are also discussed in the following sections.
3.1 In situ glacier surface data
Glacier study regions were chosen based on distinct geographic and glaciologic char-
acteristics, which are summarized in Table 3.1 and located on the map presented in
Figure 3.2. The six regions provide contrasting mid to near-polar latitudes, continental
to varying degrees of maritime climates, as well as volcanic inﬂuences. The diverse
geographic locations allow for evaluation of a variety of regional geologic compositions
as well as atmospheric circulation zones with diﬀering particulate sources.
90°W
90°W
180°
180°
90°E
90°E
0°
0°
60°W
60°W
60°N 60°N
30°N 30°N
0° 0°
30°S 30°S
60°S 60°S
Figure 3.2: Location of glacier study regions - The black squares locate the diverse
glacier study regions targeted in this dissertation.
In situ data, in the form of ﬁeld spectroscopy and supraglacial snow, ice and debris
samples were collected in ﬁve diverse study regions. At the sixth glacier study region,
Iceland, in situ data was not collected but was extracted from existing published in
situ geochemical data (e.g. from Gislason and others, 2011). The study regions are fur-
ther detailed in the dissertation publications (i.e. Abstract i brieﬂy details Svalbard,
southern Norway, Nepal and New Zealand; Publication I details Nepal; Publication
II details Svalbard, southern Norway, Nepal and New Zealand; and Publication III
details Iceland, Switzerland, Nepal and New Zealand).
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Table 3.1: Geographic, glaciologic and climate characteristics of glacier study regions.
Study region, Glacier type, Mean Annual
Glacier Inﬂuences Temp., Precip.
(Latitude, Longitude) Elevation (m.a.s.l.)
Svalbard Arctic, small
Grønfjordbreen valley, polythermal, -6.0 ◦C, >400 mm
Aldegondabreen maritime inﬂuences 250-500 ma
(77.98 N 14.12 E)
Norway Ice ﬁeld and outlet
Jostedalsbreen valley glacier, temperate, 6.4◦C, 1200-3000 mm
Bødalsbreen slight maritime inﬂuence 740-1990 mb
(61.78 N 7.10 E)
Nepal Debris covered
Ngozumpa continental valley -2.4◦C, 470 mm
Khumbu glaciers, Temperate, 4900-8848 mc
(27.98 N 86.84 E ) summer accumulation
New Zealand Southern hemisphere, 6.1◦C, 1100 mm
Mt. Ruapehu area cirque glaciers, 2200-2797 md
(39.27 S 175.56 E) volcanic inﬂuences
Switzerland Mid-latitude, valley glaciers, 3.5◦C, 700 mm
Zermatt area dust and debris covered 2240-4450 m e
(46.00 N 7.65 E)
Iceland Near-Arctic, maritime -0.4◦C, 740 mm
Central ice caps ice caps, volcanic inﬂuences 0-2100 m f
(64.30 N, 18.05 W)
aClimate data from Hagen and others (1993); elevation from Norwegian Polar Insti-
tute, 2004.
bClimate data from Norwegian Meteorological Institute; elevation from Andreassen
and others (2008).
cClimate data from Tartari and others (1998); elevation from Hambrey and others
(2008).
dClimate data from New Zealand National Institute of Water and Atmospheric Re-
search; elevation from New Zealand Department of Conservation, 2004.
eClimate data from MeteoSwiss, Gruber and Hoelzle (2001); elevation from Swis-
stopo, 2004.
fClimate data from de Woul and others (2006); elevation from Gudmundsson and
others (2010). 15
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3.1.1 Supraglacial snow, ice and debris samples
Climate patterns and regional characteristics were studied prior to sample collection in
order to plan collection, understand the context of samples (e.g. seasonal characteris-
tics) and subsequently analyze results. For example, mining emissions occur near the
Barentsburg, Svalbard study glaciers (visible in Figure 4.1), and Crater Lake volcanic
outgassing emissions inﬂuence supraglacial geochemistry on the 8 glaciers about Mt.
Ruapehu, New Zealand (Hurst and others, 1991; Werner and others, 2006). Ablation
season samples were targeted (with the exception of both accumulation and ablation
season samples acquired in Svalbard and New Zealand). Glacier surface snow and ice
geochemical abundances of Jostedalsbreen ice ﬁeld to Bødalsbreen outlet glacier were
measured in southern Norway. Bare ice, dust, and heavy debris geochemical com-
position was compared using three neighboring glaciers in Valais, Switzerland. The
largest in situ measurement campaign, conducted at Ngozumpa and Khumbu glaciers
in Khumbu Himalaya, Nepal assessed snow, ice, various dust and debris types.
Overall, a total of 106 supraglacial snow, ice and debris samples were collected as
follows: 8 snow samples from Grønfjordbreen in April 2009 and 2 ice samples from Alde-
gondabreen in western Svalbard in July 2009; 7 snow and ice samples from Jostedals-
breen and Bødalsbreen in southern Norway in June 2009; 18 snow and ice, and 22 debris
samples from Ngozumpa and Khumbu glaciers in Nepal in November 2009 and Decem-
ber 2009; and 9 snow samples from New Zealand’s Mt. Ruapehu Paretaetaitonga,
Whakapapa and Whangaehu glaciers in August 2009 and 2 ice and 2 debris samples
from Mangatoetoenui glacier in March 2010, and 6 ice and 30 debris samples from
Findelengletscher and Zmuttgletscher in Valais, Switzerland in September and Octo-
ber 2010. (Note, the Svalbard 8 snow samples were collected by Dr. Rune Solberg in
conjunction with snow ﬁeld spectra, and 2 ice samples were collected by Øivind Due
Trier. The Mt. Ruapehu Mangatoetoenui glacier 4 summer snow and debris samples
were collected by Dr. Harry Keys.) Certainly more extensive sampling could have
yielded data that could be used to more rigorously deﬁne regional inﬂuences. Yet, a
ﬁrst-order, synoptic analysis of surface glacier variability in these regions is presented
by this work.
Preparation for trace element supraglacial snow and ice sample collection included
the following: in a clean room, soaking low density polypropylene 500 mL Nalgene
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bottles in an acid bath 48 hours, subsequently washing acid-soaked bottles with triple
ﬁltered deionized water, drying under laminar ﬂow, and double bagging bottles prior to
transport to the ﬁeld. In the ﬁeld, extreme care was taken during sample collection and
treatment. Samples were collected with clean polyethylene gloves using standard trace
element sampling procedures (e.g. Fitzgerald, 1999) and stored at room temperature in
the dark until transported for analysis to the Norwegian Institute for Water Research
in Oslo, Norway. All snow and ice samples were then nitric acid preserved and 45
mL sample subsets were extracted. A concentrated nitric acidiﬁcation (Romil brand
67-69% HNO3 assay for trace metal analysis) of 10% was conducted on snow and ice
sample subsets, which were then allowed to react for 2 weeks to maximize dissolution.
Trace element measurement is discussed further in Section 3.3, and Publication II.
Supraglacial debris samples were collected in the ﬁeld in clean polyethylene bags,
obtaining at least 100 grams of debris per sample, and double bagging for transport.
All in situ samples were taken in duplicate. Supraglacial debris samples were analyzed
for mineralogy and composition via powder XRD and XRF at the University of Oslo,
Department of Geosciences. Debris samples were oven dried 2 days at 80◦C, crushed
to a ﬁne powder (less than 125 μm particle size) via a vibratory ringmill. The ﬁne
powder was then prepared into XRD measurement discs and XRF sample tablets for
measurement – further detailed in Section 3.3 and Publication I.
3.1.2 Field spectrometry
Field spectrometry derived reﬂective characteristics of surface materials are often used
in conjunction with satellite spectral data as ground truth (e.g. Milton and others,
2009; Gleeson and others, 2010). Several ﬁeld spectrometers exist, the FieldSpec Pro
and FieldSpec 3 from Analytical Spectral Devices, Inc. (ASD) were used in this disser-
tation work. Both of these ASD FieldSpec spectrometers measure visible-to-shortwave
infrared (0.35 - 2.5 μm) wavelengths, via three detectors in hyperspectral sampling
steps of 1.4 nm from 0.35 - 1.05 μm and 2 nm from 1.05 - 2.5 μm (instrument char-
acteristics further detailed in Publication I). In situ ﬁeld spectrometry measurement
techniques vary depending on research goals (e.g. Bourgeois and others, 2006; Takeuchi
and Li, 2008). For this dissertation work, ﬁeld spectrometry reﬂectance measurement
methods after Hall and others (1992); Wiens and others (2002) and Takeuchi and Li
(2008) among others, were used in the ﬁeld and are further explained in Publication
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I. Post-processing of spectra was conducted to remove instrument related hardware
artifacts. To note, ﬁeld spectrometry processing techniques remain in discussion (e.g.
see Painter, 2011).
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Figure 3.3: Field spectrometer collected glacier reﬂectance - The ﬁgure shows
glacier surface reﬂectance as collected on the Khumbu and Ngozumpa glaciers in Nepal
in November and December 2009. With increasing spatial coverage of debris, the change
in glacial reﬂectance is demonstrated (e.g. red - snow and cyan - bare ice reﬂectance vs.
heavy granitic debris cover - orange).
Supraglacial ﬁeld spectrometry measurements were collected in Svalbard, Nepal,
and Switzerland. Dr. Rune Solberg shared spectra collected at upper and lower
Grønfjordbreen, Svalbard in April 2009. All other spectra were collected by the au-
thor as follows. Over 3360 spectra were collected at Ngozumpa and Khumbu glaciers in
Khumbu Himalaya, Nepal in November and December 2009 (presented in Publication
I). Over 3050 spectra were collected at Findelengletscher and Zmuttgletscher in Valais,
Switzerland in September and October 2010. Contact probe spectra of supraglacial de-
bris from Nepal, New Zealand and Switzerland were collected in laboratory conditions
in November 2010, with over 2450 spectral acquisitions.
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3.2 Satellite optical remote sensing of glaciers
Satellite optical remote sensing measures visible-to-thermal infrared radiance reﬂected
and emitted from surface materials (Lillesand and others, 2004). The amount of ra-
diance reﬂected and emitted from surface materials identiﬁes targeted objects, as well
as describes properties, for example, moisture content, temperature and lithologic or
mineral composition (Gupta, 2003; Liang, 2004). This identiﬁcation and property char-
acterization task is done by measuring the reﬂective and emissive values at diﬀering
wavelengths targeted by the remote sensing spectral bands (visualized in Figure 3.4,
methodology described in Section 3.2.2). Visible-to-near infrared (VNIR) reﬂectance
has been demonstrated for diﬀerentiation snow, ice and debris (Hall and others, 1987;
Paul and others, 2004a; Keshri and others, 2009). Shortwave infrared (SWIR) re-
ﬂectance as well as thermal infrared (TIR) emissivity can also be used to describe
supraglacial dust and debris composition. For this work, VNIR and SWIR reﬂective
as well as TIR emissive radiance of supraglacial dust and debris was evaluated toward
diﬀerentiating supraglacial dust and debris geochemical abundances.
3.2.1 Satellite multi- and hyperspectral sensors
The satellite sensors used in this study are part of the United States National Aero-
nautics and Space Administration (NASA) Earth Observing System (EOS) and include
ALI, ASTER, Hyperion, Landsat and MODIS. Numerous other satellite sensors pro-
vide similar data, for example the European Space Agency’s multispectral MERIS
and hyperspectral Proba; the Indian Space Research Organization’s multispectral IRS-
1C/D; and the French space agency, Centre National d’Etudes Spatiales multispectral
SPOT instruments. However, a great beneﬁt of the NASA EOS data is that it is freely
available by online download, with now over a decade of global data archived.
These NASA EOS hyper- and multispectral sensors acquire data in the full optical
VNIR-TIR spectrum of wavelengths, with spatial resolutions ranging from 10 m - 1
km, and daily to 16-day temporal resolutions (Figure 3.4). The majority of the NASA
EOS sensors listed are multispectral, that is to say they measure discrete VNIR-TIR
spectral bands; Hyperion is the sole hyperspectral instrument, with 220 calibrated,
discrete VNIR-SWIR spectral bands.
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Figure 3.4: Satellite sensor spectral coverage - Hyper- and multispectral band cov-
erage of NASA EOS satellite instruments used in this work are displayed with regard to
atmospheric transmission. The spectral sensors take advantage of wavelengths free from
water vapor, oxygen and carbon dioxide atmospheric absorption in order to measure re-
ﬂective and emissive characteristics of surface materials.
An extensive description of the NASA EOS hyper- and multispectral sensors is given
in Publication I. A short summary of sensor speciﬁcations follows. The Landsat Earth
observing satellite program began in 1972 and has consisted of a several instruments
over the past three decades: Landsat 1,2,3,4 - Multispectral Scanner System (MSS),
Landsat 4, 5 - Thematic Mapper (TM), and Landsat 7 - Enhanced Thematic Mapper
Plus (ETM+). Landsat 5 TM and Landsat 7 ETM+ continue to collect data at the
date of this publication – with TM collecting 7 and ETM+ collecting 8 VNIR-TIR
spectral bands at 15 - 60 m spatial resolution and 16-day temporal resolution. ASTER
was launched onboard Terra in late 1999, and measures 14 VNIR-TIR bands at 15 to 90
m spatial resolutions and 16-day temporal resolution. Intended particularly for spectral
studies (Abrams, 2000), ASTER’s spectral coverage in SWIR and TIR is unprecedented
via satellite instrumentation. Unfortunately, after nine years of operation, in April 2008,
the SWIR bands began to fail and are no longer suitable for geologic analysis. To note,
SWIR data from 2000 to 2008 are usable and VNIR and TIR bands continue to function
well at the date of this publication. The ASTER SWIR and TIR spectral resolution
was key to this dissertation and methods using this data are discussed in the following
20
3.2 Satellite optical remote sensing of glaciers
section, as well as in Publications I and III. MODIS instruments are onboard both
Terra and Aqua satellites, and each oﬀer daily temporal resolution, meaning that most
areas on Earth are imaged by MODIS more than once per day. The spatial resolution of
MODIS is coarser than the other sensors discussed, with 250 m - 1 km spatial resolution,
yet proves well suited to larger glaciers, ice caps (as demonstrated in Publication III),
and the Greenland and Antarctic ice sheets. A total of 36 VNIR-TIR spectral bands are
acquired by MODIS, oﬀering the greatest SWIR and TIR spectral resolution behind
ASTER. Finally, NASA’s EO-1 satellite was launched in 2000 as a a technological
demonstration and validation mission and operates on a 16-day repeat cycle (however
does not acquire data continuously). EO-1 carries Hyperion and ALI (Advanced Land
Imager): Hyperion acquires 242 VNIR-SWIR spectral bands at 30 m spatial resolution
(220 bands of which are calibrated due to low response of detectors in non-calibrated
bands), and ALI acquires one 10 m spatial resolution panchromatic band and 9 VNIR-
SWIR bands at 30 m spatial resolution.
3.2.2 Methods for utilizing reﬂective and emissive data to describe
glaciers
Often the ﬁrst step in working with satellite VNIR-TIR spectral data is converting
instrumental digital numbers to at-sensor radiance using sensor- and band-speciﬁc cal-
ibration settings (e.g.: gain, oﬀset, solar irradiance). For calculation of satellite re-
ﬂectance, at-sensor radiance is converted to at-sensor (top of atmosphere) planetary
reﬂectance for each band after Markham and Barker (1986) (Equation 3.1).
ρp =
(π × Lλ × d2)
(ESUNλ × cos θs) (3.1)
Where ρp is at-sensor planetary reﬂectance,
Lλ is at-sensor radiance,
d is the Earth-Sun distance,
ESUNλ is mean solar exoatmospheric irradiance,
θs is solar zenith angle.
For glacier surfaces, planetary reﬂectance (Hall and others, 1987; Keshri and others,
2009) or at-sensor radiance (Paul and others, 2004a) can be used to diﬀerentiate snow,
ice and debris. However, planetary reﬂectance can vary from surface reﬂectance due to
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absorption of gases and/or scattering eﬀects of aerosols and gases in the atmosphere
(Tanre and others, 1990). For example, at-satellite reﬂectance of Forbindels glacier in
Greenland was found to be 5-17% higher after atmospheric corrections were applied
to Landsat TM data (Hall and others, 1990). Over Bødalsbreen outlet glacier and
Jostedalsbreen ice ﬁeld in southern Norway, MODIS planetary reﬂectance vs. ASTER
surface reﬂectance was similarly found to vary approximately 5-20% in VNIR (see
Abstract i, Auxiliary material, Figure 4.2). Atmospheric correction for surface re-
ﬂectance – especially over snow and ice – remains in development (Kaufman, 1989; Lu
and others, 2002; Stamnes and others, 2004; Mars and Rowan, 2010). Another consid-
eration in using planetary reﬂectance is variability due to the bidirectional reﬂectance
factor (BRDF) topographic illumination inﬂuences (Nicodemus and others, 1977), es-
pecially in mountainous terrain (Sandmeier, 1995). For these reasons, atmospheric and
BRDF corrections applied in validated satellite data products (e.g. ASTER AST 07XT
‘VNIR & Crosstalk Corrected SWIR On Demand Surface Reﬂectance’ (Thome and oth-
ers, 1999); MODIS MOD09GA ‘Daily L2G Global 500m Surface Reﬂectance’ (Vermote
and others, 2011) and Landsat derived surface temperature (atmospheric correction
after Barsi and others, 2005) were used in this study. (Note, the following processing
parameters for AST 07XT were chosen when ordering data: NCEP TOVS Daily Ozone
for column ozone and GDAS0ZFH - NOAA/NCEP GDAS model at 6 hours, 1 degree
resolution for moisture, temperature and pressure variables. Further, the MOD09GA
product, gives a reﬂectance accuracy estimate of +/−(0.005 + 0.05 x reﬂectance) (Ver-
mote and others, 2011).)
Reﬂectance data is used in spectral angle relational analysis (e.g. Kruse and others,
1993) (Publications I, III) and can be used to set classiﬁcation thresholds (Publi-
cation III). SWIR radiance and TIR emissivity data were used to estimate mineral
abundances of supraglacial debris after Ninomiya (2004). The calculations of SWIR
estimated calcite, layered silicate, hydroxyl-bearing and alunite abundances and TIR
estimated carbonate, quartz and maﬁc abundances are given in Equations 3.2– 3.8.
These mineral abundance indices were calculated for Khumbu Himalayan supraglacial
debris and are explained in detail in Publication I, and also visualized in Abstract
i, Auxiliary material, Figure 4.3. Supraglacial mineral indicies can be used to inspect
kinematics. For instance, a silicate SWIR mineral index was utilized on Ngozumpa
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glacier to reveal previous glacial surges (Publication I, Figure 10).
CA =
(AST6×AST9)
(AST82)
(3.2)
LS =
(AST4×AST8)
(AST5×AST6) (3.3)
OH =
(AST4×AST7)
(AST62)
(3.4)
AL =
(AST72)
(AST5×AST8) (3.5)
CI =
(AST13)
(AST14)
(3.6)
QI =
(AST112)
(AST10×AST12) (3.7)
MI =
(AST12×AST143)
(AST134)
(3.8)
Where CA corresponds to calcite, LS corresponds to layered silicate, OH
corresponds to hydroxyl-bearing, AL corresponds to alunite, CI corresponds
to carbonate, QI corresponds to quartz and MI corresponds to maﬁc mineral
abundances and ASTn corresponds to ASTER spectral band number n.
Another method used for calculation of supraglacial dust and debris geochemical
composition is silica weight percent estimation (after Hook and others, 1992; Miyatake,
2000; Watanabe and Matsuo, 2003) (Equation 3.9 after Watanabe and Matsuo (2003)).
SiO2 = 56.20− 271.09× Log
[
(ASTe10 +ASTe11 +ASTe12)
(3×ASTe13)
]
(3.9)
Where SiO2 is silica weight percent,
ASTen corresponds to ASTER AST 05 surface emissivity product band
number n.
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Figure 3.5: TIR estimated silica weight percent - The ﬁgure displays a thematic
map of silica weight percent in the Khumbu Himalaya region. The Ngozumpa glacier (left)
and Khumbu glacier (right) are delineated by the higher silica weight percent than most
surrounding terrain. A digital elevation model derived slope mask of 35-90 degrees was
applied to remove areas of high silica due to surrounding extreme terrain and active rock
fall.
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The silica weight percent calculation utilizes Si to O bonding variability of silicate
minerals, speciﬁcally low (8-10 μm) absorption for maﬁc silicates (e.g. basalt) and
higher (8-10 μm) absorption for felsic silicates (e.g. granite). TIR satellite estimated
SiO2 weight percent was calculated via ASTER emissive data (AST 05) in four study
regions in Publication III, with silicate poor volcanic study regions displaying lower
SiO2 weight percent than continental silicate rich glacier debris study regions. As noted
in Hook and others (2005), TIR SiO2 estimates can be regionally ﬁne tuned for greater
accuracy – ﬁnding 2-7% improved accuracy with use of extensive ﬁeld data.
The silica content mapping of supraglacial debris covered glacier areas may po-
tentially provide a ﬁrst order look at glacial activity, sediment transport, weathering
processes, and/or glacial erosion. As shown in the silica percent thematic mapping of
the Khumbu Himalaya region (Figure 3.5 and Publications I and III), the method
may be useful in evaluating debris covered ice extent especially if used in conjunction
with vegetation and digital elevation model calculated slope data. Region speciﬁc silica
thresholds can be chosen, for example in Publication I 60% is chosen after total con-
tinental crust abundance (Rudnick and Gao, 2003). Supraglacial TIR SiO2 estimates
are due to innate silica properties of debris mineralogy, as well as due to diagenesis and
lithology (e.g. grain size). For example, down Khumbu glacier areas of higher velocity
and smaller grain sizes have the highest silica weight percents (Figure 3.5).
Further, surface temperature can be calculated from TIR data. Supraglacial tem-
peratures were calculated over Khumbu Himalayan debris covered glaciers in Publi-
cations I and dust and debris covered ice in Iceland, Khumbu Himalayas, Swiss Alps
and New Zealand in Publication III. Validated surface temperature data products
provided by ASTER (AST 08 Surface Kinetic Temperature data product) and MODIS
(MOD11 L2 Land Surface Temperature & Emissivity data product) were used along
with Landsat TM and ETM+ thermal bands. Landsat TM and ETM+ thermal bands
can be utilized to calculate surface temperature after Barsi and others (2005), pro-
cedure detailed in Hall and others (2008), used in Publications I and III. For this
work, a ‘dirty ice’ emissivity value of 0.96 (from Qunzhu and others, 1985) was used for
supraglacial dust and debris surface temperature calculation. Equation 3.10 denotes
the at-sensor TIR radiance measured (for given wavelength) and its relation to surface
temperature (for further description, see: Hall and others, 2008; Hook and others, 2007;
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Barsi and others, 2005).
Lλ = [ελ × Lbbλ(T ) + (1− ελ)× Ldλ]× τλ + Luλ (3.10)
Where Lλ is at-sensor radiance at wavelength λ,
ελ is surface emissivity at wavelength λ,
Lbbλ(T ) is spectral radiance from a blackbody at surface temperature T ,
Ldλ is spectral downwelling radiance incident upon the surface from the
atmosphere (also known as sky radiance),
τλ is spectral atmospheric transmission (transmittance), and
Luλ path radiance (the spectral upwelling radiance from atmospheric emis-
sion and scattering that reaches the sensor).
Other methods for qualitative reﬂectance analysis include true and false color com-
posites. True and false color three spectral band based image composites can be used
to quickly and simply visualize surface properties. Ka¨a¨b (2005) utilized a SWIR and
TIR false color composite of Hispar glacier in Karakorum, Pakistan to display surface
lithology and geologic diﬀerences of supraglacial debris. As shown in Publications
I and III, supraglacial debris compositional variations can be quickly visualized by
SWIR/TIR false color composites. For example, the Khumbu glacier SWIR/TIR false
color composite in Figure 2.4 diﬀerentiates schistic debris from granitic debris.
As an experimental technological demonstration sensor, Hyperion proves promising
for spectral analysis of mineralogy and lithology (e.g. Griﬃn and others, 2005; Gleeson
and others, 2010). Yet, the sensor is hindered by relatively low signal-to-noise ratios of
approximately 50:1, compared with 500:1 for airborne hyperspectral imaging (Pearlman
and others, 2003; Kruse and others, 2003) and the so-called ‘smile’ or spectral curvature
eﬀect (Dadon and others, 2010). Crude explorations of Hyperion at-sensor reﬂectance
supraglacial dust and debris diﬀerentiation are shown in Publications I and III; work
continues toward atmospherically corrected Hyperion supraglacial debris reﬂectance
evaluation.
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3.3 Analytical geochemistry of glacial samples
As detailed in Sections 1 and 2, many factors inﬂuence supraglacial geochemical com-
position (e.g. geology of accumulation zone or lateral surroundings, deposition of atmo-
spherically transported particulates) and this geochemical composition can be measured
to identify surrounding geologic contributions to glacial debris, to indicate weathering
factors (e.g. high pH) or to signal provenance of atmospherically transported particu-
lates. In order to accurately interpret such analytical geochemical results, use of known
geologic information from the sample collection region is essential.
In this study, analytical geochemical techniques were use to measure glacial ice,
snow, and surface debris sample elemental abundances and mineralogy. Supraglacial
snow, ice and debris samples were collected as detailed in Section 3.1 and Publica-
tions I and II. Inductively coupled plasma mass spectrometry (ICP-MS) was used to
measure trace element concentrations of snow and ice samples, while glacier debris sam-
ples were measured via X-ray diﬀraction (XRD) and X-ray ﬂuorescence spectroscopy
(XRF) to indicate mineralogic composition as well as quantify bulk oxide and elemental
abundances. These techniques and the evaluation methods and potential error sources
are covered in the following sections.
3.3.1 Inductively coupled plasma mass spectrometry
Inductively coupled plasma mass spectrometry is a key measurement technique for trace
elemental presence and concentration. High resolution ICP-MS can determine very low
part per billion or trillion concentrations for multiple elements simultaneously. For
measurement, samples are acid dissolved (in solution) and subsequently vaporized by
induction into a magnetic ﬁeld. Characteristic emissions of light photons from atoms
are measured by the mass spectrometry detector to determine elemental presence and
concentration (Battey and Pring, 1997).
In this study, a Thermo Finnigan Element 2 high resolution ICP-MS was utilized for
trace element measurement (sample collection and preparation discussed in Section 3.1
andPublication II). Using high resolution ICP-MS analysis we measured the following
major elements: Na, Mg, Al, Si, S, K, and Ca; trace elements: Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, As, Rb, Zr, Mo, Cd, Sn, Sb, Cs, Ba, Tl, Pb, Bi, U; and rare earth elements
(REE): La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu. The solubility of
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these 43 elements (with regard to natural water) is shown in Figure 2.2. The elemental
abundances of the supraglacial snow and ice samples are presented and evaluated in
Publication II.
Inductively coupled plasma mass spectrometry laser ablation (ICP-MS-LA) is an-
other technique which could be utilized in debris characterization. Instead of analyzing
concentrations from solution, in ICP-MS-LA, a solid is vaporized by a laser ablator for
elemental concentration measurement. Thus, this method is quite suitable to analysis
of supraglacial debris when trace elemental abundances are required (e.g., see Risheng
and others, 2003). This technique was not available, therefore, not utilized in this
dissertation work.
3.3.2 X-ray diﬀraction and X-ray ﬂuorescence spectroscopy
Both XRD and XRF are versatile, well-established analytical methods capable of si-
multaneously detecting a range of minerals (XRD) or elements and oxide compounds
(XRF) in single measurements. For both techniques, X-rays are ﬁred at samples. XRD
utilizes the resultant deﬂection patterns to indicate of mineral structures present in
the analyzed solid. In XRF, X-rays are ﬁred at the sample in order to ionize atoms
and measure characteristic emission ﬂuorescence, and identify elemental composition.
XRD can be used to determine the mineralogy of glacial dust and debris (Follmi and
others, 2009; Gleeson and others, 2010; Bockheim, 2011), while XRF can be used to
quantitatively measure bulk oxide weight percent and trace elemental abundances of
glacial dust and debris. XRD and XRF together give an idea of both the mineral com-
position as well as the speciﬁc oxide compounds and trace element abundances found
in the supraglacial sediment from the distinct glacier study locations.
In this work, glacial debris samples (collection and preparation discussed in Sec-
tion 3.1 and Publication I) were assessed via powder XRD on a Philips XPERT
diﬀractometer. Mineral components were identiﬁed via use of PANalytical’s X’pert
Highscore software, and dominant mineralogy was determined by semi-quantitative
peak area (height x full width at half maximum) weight factor estimates (Moore D.M.,
1997) and full pattern modeling (e.g. Chipera and Bish, 2002). Glacier debris samples
were also measured on a Philips PW2400 XRF spectrometer run via SuperQ Version
3 software in TRACES 7B mode. The following oxide compounds and trace elements
were measured: SiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, TiO2, P2O5, and
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V, Co, Zn, Rb, Pb, Sr, Y, Zr, Nb, Th, U, Ba, S. The accuracy of XRF results was
98% based on calibration data. XRD and XRF results are presented in Publications
I, II, and III. XRD and XRF measurements along with ﬁeld collected spectra (and
spectral library references) provide greater conﬁdence of supraglacial debris mineralogy
and composition determinations.
3.3.3 Use of geochemical data for inspection of glacier characteristics
Several comparison methods can be used for inspecting analytical geochemistry com-
position results. The methods evaluated in this dissertation included reference to
geochemical standards (e.g. upper continental crustal abundances), trace and REE
signatures, enrichment factors and element abundance ratios. Geochemical standards
provide reference elemental abundances to assess relative enrichment or depletion of
inspected samples. For the purposes of this study, glacier snow and ice samples were
referenced to upper continental crust (UCC) composition (after McLennan, 2001). The
UCC composition can be used to compare elemental abundances found from diverse
sample sets (e.g. distinct glacier study regions) to naturally found abundances (as
opposed to anthropogenic inﬂuences).
Often trace and REE abundances are expressed normalized to a geochemical ref-
erence standard in a signature or spider diagram format (e.g. see Publication II,
Figures 3 and 5). Spider diagrams visualize this element by element relative abun-
dance and can also be used to identify, for example, classes of elements (e.g. transition
metals or heavy rare earth elements HREE) and further speculate on environmental
factors (e.g. pH, solubility) or enrichment sources.
An enrichment factor (EF) is used to evaluate elemental abundances relative to
a standard. Calculation of relative environmental enrichment via the EF provides a
simple, robust means to evaluate the abundance of an element in a sample compared to
a known reference material such as upper continental crust and diﬀerentiate enrichment
sources (Equation 3.11) (e.g. Kellerhals and others, 2010).
EFx =
(X/Ref)sample
(X/Ref)STD
(3.11)
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Where EFx corresponds to the enrichment factor of element x,
X is the concentration of the element to be measured,
Ref is the concentration of the reference element,
sample indicates the concentration ratio of the sample,
and STD indicates the concentration ratio of the standard material chosen
(e.g. UCC).
An EF greater than 5 indicates signiﬁcant enrichment of an element relative to
the standard chosen. The EF signiﬁcance threshold accounts for variability that can
exist within the standard reference material chosen (e.g. crustal variability in UCC) or
variability in mineralogy, solubility or atmospheric transport factors of the enrichment
sources evaluated. The chemical composition of the enrichment sources must also be
considered when using EF values. For example, in assessing enrichment sources such
as mineral dust, volcanic or coal combustion emissions, if the geochemical abundances
of the potential enrichment sources are similar, EF’s must be used in conjunction with
another technique to pinpoint the enrichment source (e.g. Correia and others, 2003;
Xie and others, 2006).
Element abundance ratios are another means to inspect relative abundances (e.g.
see Publication II, Figure 4). Comparison of ratio values can suggest diﬀerent sources
of inspected materials (e.g. Kreutz and Sholkovitz, 2000). Further, element abundance
ratios can be expressed in bivariate plots where elemental ratios are inspected for corre-
lation (e.g. Fortner, 2008). The above discussed geochemical comparison methods are
further detailed and utilized in Publication II.
XRD measured mineralogy can be compared with other ﬁeld, geochemical or re-
motely sensed mineral detection methods, (e.g. surface or satellite spectral VNIR-
SWIR reﬂectance). XRF determined composition is amenable to comparison via spider
diagrams, enrichment factors or element abundance ratios as discussed above. Addi-
tionally, XRF measured silica abundance was used in this dissertation to compare with
silica weight percent calculated from satellite emissivity data (discussed Section 3.2.2).
XRF measured transition metal abundances were also used with VNIR-SWIR spec-
tral reﬂectance suggested transition metal presence. These XRD and XRF comparison
principals and the XRD, XRF measured supraglacial debris composition results are
used in Publications I and III.
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3.3.4 Sources of analytical error
Sources of error in analytical methods can be introduced either in preparation of sam-
pling material, while sampling or transporting samples, or in analytical techniques.
Contamination of samples is possible when preparing sampling equipment or during
ﬁeld collection (e.g. sampling next to a contamination source). Samples can also be
susceptible to contamination during transport, for example if dislodged from packaging,
punctured or expanded in the presence of contaminants during transport. In analytical
techniques, during preparation of samples for measurement, contamination can occur
if there is mixing with residue from other materials in grinding or sorting prior to
analytical measurement.
Calibration of instrumentation can also be a source of error or reduced accuracy
or precision in geochemical sample results. In the analytical geochemistry methods
presented, instruments were calibrated against known geochemical standard reference
materials (e.g. XRF calibrated to several Govindaraju, 1994, standards). Calibration
curves based on the measurement of geochemical reference standards are then used
to determine sample results. Therefore, the accuracy and precision of sample mea-
surements is dependant on the accuracy and precision of standard reference material
measurements. Systematic errors or element contaminations are possible, and can be
passed on to sample measurement results.
In situ collection as well as analytical geochemical preparation, sample measurement
and data processing techniques used in this work aimed to reduce potential error sources
to the greatest degree possible. Expected accuracy, instrumental limits of detection,
and other limitations, were presented when detailing methods and publishing results
in Publications I, II and III.
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K. A. Casey. Proposed methodology for detection of geochemical species on glaciers,
In: Proceedings of 10th Biennial Meeting of the Society for Geology Applied to Mineral
Deposits (SGA), 16-22 August 2009. Townsville, Australia.
Data: Multispectral satellite, in situ spectral data.
Study areas: Glaciers in Svalbard, southern Norway and Nepal.
Methods: VNIR-SWIR reﬂectance, TIR emissivity, band ratios.
Background scientiﬁc theories and proposed spectral and analytical geochemistry
methods toward conducting spectral investigations on glacial dust and debris cover were
presented to the geological community for peer review. Use of visible-to-shortwave in-
frared satellite and in situ reﬂectance and the wavelengths envisioned for element and
mineral detection were discussed. The study evaluated glacier reﬂectance data in three
regions – Svalbard, southern Norway and Khumbu Himalaya, Nepal. Field spectrome-
try collected at upper and lower Grønfjordbreen glacier in Svalbard in April 2009 was
converted to reﬂectance and compared with atmospherically corrected multispectral
satellite data from ASTER and MODIS (Auxiliary material, Figure 4.1). A compari-
son of satellite-derived planetary reﬂectance vs. surface reﬂectance was conducted over
Bødalsbreen glacier and Jostedalsbreen ice ﬁeld in southern Norway. Dust covered
blue ice reﬂectance on Bødalsbreen was compared with dust covered ﬁrn on Jostedals-
breen ice ﬁeld, showing an increase in overall VNIR-SWIR reﬂectance from ice to ﬁrn,
yet similarity in SWIR ice and snow reﬂectance – hinting at the geologic signature of
the region. This analysis also highlighted the signiﬁcance of atmospheric correction
(Auxiliary material, Figure 4.2). ASTER satellite shortwave infrared band ratio min-
eral indicies were calculated for Ngozumpa glacier in Khumbu Himalaya, Nepal and
demonstrated marked supraglacial granite, calcite and hydroxide mineral abundance
variability – suggesting that mineral abundances can be detected on debris covered
glaciers (Auxiliary material, Figure 4.3). Envisioned spectral and temporal coverage
limitations and bandwidth assumptions for spectral supraglacial mineralogy analysis
were discussed. Analysis of in situ spectral reﬂectance and satellite multi-spectral re-
ﬂectance in Svalbard, southern Norway and Khumbu Himalaya, Nepal aimed at testing
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supraglacial dust and debris diﬀerentiation methods and yielded promising preliminary
results. Supraglacial reﬂectance at the three study sites demonstrated clear diﬀerences,
potentially attributable to geochemical supraglacial compositions. The study also re-
vealed the importance of hyperspectral resolution data for spectral diﬀerentiation of
mineralogy Figures 4.1, 4.2 as well as the importance of in situ sample collection for
use as ground truth to satellite data.
4.1.1 Auxiliary material
The following section includes material not included in the published version, but dis-
cussed above and relevant to the dissertation analysis.
Field spectrometry and multispectral satellite comparison of soot af-
fected glacier, Svalbard
Svalbard collected ﬁeld spectrometry was compared with MODIS and ASTER satel-
lite reﬂectance. Inorganic species present on these Arctic Svalbard glaciers result from
long range atmospheric transport as well as local pollution sources. Grønfjordbreen
is located approximately 10 km from a coal mine, therefore inﬂuenced almost directly
by a distinct pollution source (see Figure 4.1). The ﬁeld and satellite spectral analysis
investigated the capability of ﬁne scale pollution to glacier surfaces. In situ VNIR-
SWIR glacier surface spectra were acquired with a FieldSpec Pro on the 17th and
18th of April 2009 at two sites (lower and upper glacier sites marked in Figure 4.1) on
Grønfjordbreen in Svalbard. ASTER AST 07XT surface reﬂectance data from 30 April
2008 and MODIS MOD09GA reﬂectance data (17 April 2009) was used for satellite
derived surface reﬂectance comparison. The study results highlighted the necessity of
hyperspectral resolution for ﬁne scale component analysis, as well as provided a pre-
liminary data set to model future supraglacial dust and debris comparisons and in situ
campaigns.
Planetary vs. surface reﬂectance multispectral comparison
Top of atmosphere planetary MODIS L1B derived reﬂectance (Equation 3.1) vs.
atmospherically corrected surface reﬂectance from (ASTER AST 07XT) satellite data
was analyzed for Bødalsbreen glacier and Jostedalsbreen ice ﬁeld in southern Norway.
MODIS planetary reﬂectance can be seen to be approximately 5-20% lower than surface
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Figure 4.1: Field and satellite surface reﬂectance comparison, Svalbard - The
MODIS (upper left image – acquired coincident with in situ spectra collection on 17 April
2009) and ASTER (upper right image – acquired 10 May 2003) detail the study areas.
Note the coal mine soot deposition clearly visible around Barentsburg settlement, less
than 10 km from the study glaciers. In situ spectral reﬂectance, MODIS MOD09GA (500
m) and ASTER AST 07XT (15 m VNIR) surface reﬂectance measurements are shown in
the plot, yielding general agreement and highlighting the importance of hyperspectral data
for compositional identiﬁcation.
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Figure 4.2: Southern Norway multispectral satellite reﬂectance - The upper left
500 m MODIS and upper right 15 m ASTER images locate the southern Norway Jostedals-
breen ice ﬁeld and Bødalsbreen outlet glacier. MODIS L1B top of atmosphere planetary
reﬂectance and ASTER AST 07XT surface reﬂectance was evaluated for Bødalsbreen ice
(cyan circle) and Jostedalsbreen ﬁrn (red circle).
38
4.1 Extended Abstract i
reﬂectance in VNIR bands, and nearly similar in SWIR bands.
()
OH bearing index                 Layered Silicate index
(AST4*AST7) / (AST62)           (AST4*AST8) / (AST5*AST6)
Alunite index                        Calcite index
(AST72) / (AST5*AST8)         (AST6*AST9) / (AST82)
Figure 4.3: Mineral abundances on Ngozumpa glacier, Nepal - Satellite derived
mineral abundances at Ngozumpa glacier, Khumbu Himalaya, Nepal. Clockwise from the
top left, the mineral abundances estimated include: hydroxide-bearing, kaolinite, calcite
and alunite (after Ninomiya, 2004). The mineral indices use ASTER SWIR radiance data
with 30 m spatial resolution, scene date 29 November 2005 (North is toward the top of the
scene).
Shortwave infrared mineral indices over heavy supraglacial debris, Nepal
Shortwave infrared mineral indices (after Ninomiya, 2004) were evaluated at heav-
ily debris covered Ngozumpa glacier, in Khumbu Himalaya, Nepal. Diﬀerentiation of
mineralogy on debris covered glaciers was strongly suggested by the diverse abundances
revealed using the mineral maps for Ngozumpa glacier Figure 4.3. Indicies are further
discussed in Section 3.2.2 and used in Publication I, however were not published in
visual form, thus were included in this section.
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K.A. Casey, A. Ka¨a¨b, D.I. Benn. Characterization of glacier debris cover via in situ and
optical remote sensing methods: a case study in the Khumbu Himalaya, Nepal. The
Cryosphere Discussions, 5, 499-564, 2011. Revision submitted for further publication
as a ﬁnal paper in The Cryosphere.
Data: Hyper-, multispectral satellite, in situ spectral, and geochemical data.
Study areas: Debris-covered glaciers in Khumbu Himalaya, Nepal.
Methods: VNIR-SWIR reﬂectance, TIR emissivity, band ratios.
Identiﬁcation of surface materials and their characteristics (e.g. moisture content,
spatial distribution) is a fundamental goal of satellite Earth observations. Despite the
plethora of spectral glacier data, no publication prior to this focused on glacier dust
and debris lithologic and compositional description via in situ VNIR-SWIR and full
optical VNIR-TIR satellite spectral analysis. ALI, ASTER, Landsat and Hyperion
data were used to test visible-to-thermal infrared reﬂectance and emissive methods
for supraglacial debris characterization at several glaciers in the Khumbu Himalaya,
Nepal. Supraglacial debris properties investigated via the spectral data included re-
ﬂectance variability, mineral composition, moisture content, surface temperature vari-
ability, mass ﬂux and velocity of these debris covered glaciers.
Over 3360 in situ spectra were collected from Ngozumpa and Khumbu glaciers in
November and December 2009. Glacier debris samples were collected in conjunction
with spectra in three ablation study areas on both the Khumbu and Ngozumpa glaciers
(Publication I, Figure 3). Samples of supraglacial debris were analyzed geochemically
via XRD and XRF for elemental abundances and mineral composition. In situ spectra
were converted to absolute reﬂectance and processed to reveal mineralogic composition,
debris moisture content, and reﬂectance variability with diﬀering snow, ice and surface
debris types. Both the in situ spectra and the supraglacial debris geochemical compo-
sition results were utilized as ground truth for comparison with satellite multispectral
observations.
Hyper- and multispectral satellite data evaluation methods included comparison
of reﬂectance variability with in situ results, satellite based mineralogic abundance
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estimations via SWIR and TIR band indices, composition analysis via spectral angle
mapping, silica weight percent thematic mapping, surface temperature comparisons
of diﬀering mineral debris compositions as well as velocity and theoretical particulate
transport estimations.
Successful methods for mineral identiﬁcation allowed for mapping of longitudinal
bands of granite- vs. schist-dominant debris on Khumbu glacier from multispectral
satellite data. Hyperspectral planetary reﬂectance data revealed potential to resolve
diﬀerent supraglacial mineral compositions on Lhotse Shar and Imja glaciers. Satellite
emissivity derived silica-content thematic mapping suggested use of silica thresholds
for delineation of debris covered glacier extent in the Khumbu Himalaya region. Sil-
ica thresholds were speculated to be attributable to active sediment transport and
weathering processes. Further, velocity maps coupled with supraglacial debris compo-
sitions indicated by false color image composites, revealed mass ﬂux and kinetic glacial
patterns In short, this publication demonstrated a variety of supraglacial debris char-
acteristics that can be extracted via use of VNIR-TIR spectral data. Glacier debris
characterization is an important parameter relevant to energy balance and surface pro-
cess glaciologic investigations. The methods presented in this study provide powerful
remote sensing techniques for characterizing glacier debris.
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4.3 Publication II
K.A. Casey, R. Xie, O. Røyset, H. Keys. Supraglacial dust and debris geochemical
variability: data from Svalbard, Norway, Nepal and New Zealand. Revision submitted
to Journal of Glaciology.
Data: ICP-MS, XRD, XRF of snow, ice, debris samples.
Study areas: Glaciers in Svalbard, southern Norway, Nepal and New Zealand.
Methods: Geochemical comparisons.
Trace and rare earth element glacier surface composition data is limited in glacio-
logic literature. In fact, the glacier study regions reported on in this paper have a small
number or no previously published in trace and rare earth element glacier data avail-
able. In situ data collection and geochemical analysis is currently the most accurate
method for deriving surface glacier composition. It is also a primary tool for use in
developing and validating remote sensing based surface glacier composition methods.
This manuscript provides an important synoptic observation data set of four di-
verse alpine glacier regions. In sum, 70 snow, ice and debris samples were collected
from glaciers in Svalbard, southern Norway, Nepal and New Zealand in 2009 and 2010.
Glacier snow, ice and debris samples were analyzed for geochemical composition via in-
ductively coupled plasma mass spectrometry, X-ray diﬀraction, and X-ray ﬂuorescence.
We present these uniform data collection, geochemical measurement, and subsequent
global supraglacial composition comparisons in the manuscript. The focus is on inves-
tigation of supraglacial composition variability and the ability to assign compositional
factors to the contrasting geographic, glaciologic, and climate conditions of the diﬀerent
regions. Thus, the study allowed for a ﬁrst-order exploration of supraglacial particulate
geochemical diversity. Analytical geochemical measurement methods are also evaluated
in the study. Recommendations are suggested for further in situ geochemical studies,
including use of XRF over ICP-MS for higher trace elemental precision and accuracy,
especially of debris samples.
Expected region speciﬁc geochemical abundances were found, for example in the
Khumbu Himalayas, a signiﬁcantly higher magnitude of elemental abundances, includ-
ing characteristic continental dust element abundances (e.g. Ca). Maritime inﬂuences
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of high Na content and solute ﬂush out with Arctic spring were found in Svalbard
snow and ice spring to summer compositions. Volcanic inﬂuence was seen in the Mt.
Ruapehu glacier sample results, with high S, Cr, Mn elemental abundances. Anthro-
pogenic inﬂuence, for example, Bi, enrichment was found in all four study regions.
Additionally, signiﬁcant Pb enrichment was found in southern Norway and Svalbard,
and U enrichment in Nepal. Rare earth element signatures were distinct in the four
study areas; and suggested that more robust follow-on studies could utilize REE’s to
pinpoint provenance of atmospherically deposited supraglacial particulates.
This study is limited by the relatively small observation set in each region, which
prevent larger statistical or temporal analysis approaches. The data set and methods
evaluated nonetheless provide important initial steps to furthering global supraglacial
composition variability. This study adds supraglacial trace and rare earth elemental
compositions from northern and southern hemisphere; polar, mid-latitude and near-
equatorial; as well as marine, continental and volcanically inﬂuenced glaciers. The
evolving ﬁeld of trace and rare earth element glaciology is important to study. Implica-
tions of supraglacial composition apply toward understanding ablation, and potentially
atmospheric dust ﬂux and transport as well as hydrologic water resource and global
elemental cycling.
44
4.4 Publication III
4.4 Publication III
K.A. Casey, A. Ka¨a¨b. Supraglacial dust and debris reﬂectance and emissivity variabil-
ity, relation to geochemical composition, surface temperature and glaciologic impacts.
Manuscript in preparation for submission.
Data: Hyper- and multispectral satellite, and supraglacial debris geochemical data.
Study areas: Glaciers and ice caps in Iceland, Switzerland, Nepal, New Zealand.
Methods: VNIR-TIR reﬂectance, emissivity comparisons.
This study focused on four regions with distinct geologic, climatic and glacio-
logic diﬀerences aﬀecting supraglacial dust and debris geochemical composition. The
Khumbu Himalaya supraglacial debris characterization spectral remote sensing meth-
ods explored in Publication I are linked with the geochemical variability analysis
of supraglacial dust and debris investigated in Publication II, to evaluate satellite
reﬂectance variability of glacier dust and debris in several regions of contrasting geo-
chemical dust and debris compositions. Satellite hyper- and multispectral NASA Earth
Observing System sensors ALI, ASTER, Hyperion, Landsat and MODIS were used for
the variability analysis. Geochemical composition data (measured via XRD and XRF)
was used for ground truth to compare with satellite derived compositions. Continental
supraglacial debris study regions included Khumbu Himalaya, Nepal and Valais, Swiss
Alps; and volcanically inﬂuenced supraglacial debris study regions included Iceland
and Mt. Ruapheu, New Zealand. VNIR-SWIR reﬂectance signatures as well as TIR
emissivity for calculation of silica weight percent and surface temperature were pre-
sented at each of the glacier study regions. Signiﬁcant VNIR-TIR spectral diﬀerences
were quantiﬁed from satellite spectral data, not only between volcanic vs. continen-
tal supraglacial debris types, but also between diﬀerent continental supraglacial debris
types. Reﬂectance supraglacial debris diﬀerentiation thresholds were suggested from
the study: VNIR reﬂectance values above 0.2 and SWIR signatures above 0.1 up to 0.4
are indicative of continental supraglacial debris; while VNIR-SWIR reﬂectance below
0.2 suggests basaltic volcanic tephra glacial debris. The supraglacial continental vs.
volcanic threshold reﬂectance values identiﬁed in this study could be used in glacier
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composition focused automated or semi-automated algorithms. Transition metal abun-
dances of Fe and Mg were found to be spectrally detectable in continental supraglacial
debris satellite data (and may be possible in volcanic supraglacial debris, but were
outside the scope of our volcanic study region supraglacial compositions). Higher silica
content characteristic of continental vs. volcanic basaltic tephra supraglacial debris
was aﬃrmed by ASTER TIR satellite estimated silica weight percent, ranging from an
average of 68% for continental vs. 57% for volcanic supraglacial debris (agreeing gener-
ally well with in situ geochemical data silica abundance values). Surface temperatures
were generally found to vary in excess of 10◦C due to diﬀering spatial distributions of
dust and debris glacial cover. Overall, this study suggests spectral data can be used
much more broadly in glacial debris analysis applications, ranging from estimation of
radiative energy balance properties, surface temperatures, as well as satellite based
composition determinations.
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Particulate ﬂux in the Earth’s atmosphere is sizeable climatologically and remains a
poorly-quantiﬁed component of Earth’s energy balance (Tegen and Schepanski, 2009;
Hansen and Nazarenko, 2004). Atmospheric particulate ﬂux and the predicted changes
to particulate ﬂux patterns have signiﬁcant implications toward the world’s glaciers
and ice sheets (Petit and others, 1999; Kaspari and others, 2009). Because supraglacial
particulate coverage of just part per million concentrations can reduce albedo by 5-
15% percent (Warren and Wiscombe, 1980), increased atmospheric deposition of dust,
in conjunction with warming climate, could lead to greater than expected glacier melt
rates, increased snow and ice mass loss, and ultimately contribution to sea level rise
(Paul and others, 2005; Flanner and others, 2007; Xu and others, 2009).
Recent studies have highlighted changes in spatial distribution of heavily debris
covered glaciers due to changing climate (Stokes and others, 2007; Scherler and oth-
ers, 2011; Mayer and others, 2011). With warming climate, the insulation provided
by heavy supraglacial debris can lessen, resulting in downwasting or thinning of many
glaciers (e.g. southern Himalayas), changes to mass ﬂux patterns, increased meltwater
discharge, and/or increased supraglacial melt and glacier lake outburst ﬂood poten-
tial. The types of supraglacial debris (e.g. granitic continental or basaltic tephra) can
inﬂuence these supraglacial energy balance variables and are thus important to study.
Satellite remote sensing of supraglacial dust and debris is an eﬃcient means to
monitor glacier and climate variables. The full optical spectrum, VNIR-TIR satel-
lite characterization of supraglacial dust and debris presented in this dissertation add
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powerful spaceborne techniques toward dust and debris covered glacier mapping, and
achieved the following speciﬁc results:
• Geochemical supraglacial dust and debris composition was detailed in diverse ge-
ographic and glaciologic study sites including: Khumbu Himalayas, northern New
Zealand, southern Norway and Svalbard. Supraglacial geochemical compositions
were compared between study regions, and elemental abundances were used to
indicate regional, natural and anthropogenic inﬂuences to study glaciers.
• Geochemical components in supraglacial dust and debris were identiﬁed via in situ
and satellite spectral data. Transition metals and mineral groups in supraglacial
dust and debris were detected via VNIR-TIR spectral reﬂectance and emission
analysis. Semi-automated threshold classiﬁcations of large geochemical compo-
sition diﬀerences between continental debris vs. volcanic tephra may be imple-
mented using VNIR-SWIR reﬂectance thresholds.
• Spaceborne supraglacial dust and debris glaciologic analysis included: quantiﬁca-
tion of surface temperature by debris type and spatial distribution, supraglacial
debris silica weight percent composition estimates related to weathering and
glacial activity, use of mineral indicies to reveal glacial ﬂow, and calculation of
debris-covered glacier velocities and theoretical particulate transport times to
inspect with regard to mass ﬂux and glacial kinematics.
• Glaciologic implications of diﬀering dust and debris types were discussed, in-
cluding radiative absorption factors (e.g. albedo, ablation rate), kinematics (e.g.
mass ﬂux, pulse and surge supraglacial composition evidence) and monitoring of
changes in spatial distribution and compositions (e.g. relevant to atmospheric
transport of dust to glaciers, changes in debris covered extent).
As reaﬃrmed by this work, remote sensing is an eﬃcient means to monitor glaciers
globally, and a wealth of techniques have yet to be employed in surface characterization
of dust and debris. Surface glacier properties such as spatial dust and debris coverage
are included on a limited basis in many regional, national and global glacier inventories,
yet, this information could be key to mass or energy balance studies. For example,
calculation of relative surface glacier changes over decades, can quantify not only areal
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extent changes, but also albedo variability (e.g. Paul and others, 2005; Schneider and
others, 2007; Racoviteanu and others, 2008; Bolch and others, 2010b). Glacier inventory
data from regional studies as well as global glacier databases (e.g. World Glacier
Monitoring Service and Global Land Ice Measurements from Space) are of paramount
importance to understanding changes in glaciers, climate and sea level.
In addition to the Earth observing optical sensors currently in operation, the upcom-
ing European Space Agency Sentinel-2 pair of VNIR-SWIR sensors (expected launch
2013), are especially promising for global glacier monitoring as they are designed to
collect data with 10-60 m spatial resolution on 2-5 day repeat temporal scale. Such
improved spatial and temporal global coverage address one of the primary limitations
of current optical glacier studies – the need for greater spatial and temporal coverage as
optical sensors rely on clear-skies to collect reﬂective data. Further, high spectral res-
olution – including SWIR and TIR – is strongly recommended for forthcoming sensors
with regard to glacier studies.
Application of the spectral remote sensing supraglacial dust and debris methods
evaluated in Publications I and III oﬀer rich potential toward global cryospheric
surface mapping. An interesting implication of diﬀerent supraglacial particulate types
is consideration of post-deposition solubility, viscosity, and thermal impacts of the par-
ticulates to the glacier system (e.g. mentioned with regard to Eyjafjallajo¨kull tephra
deposition and runoﬀ in Gislason and others, 2011). Publication II demonstrated
that more robust geochemical abundance analysis could yield more precise provenance
and dust transport information at studied glaciers – this work provided method analy-
sis toward remotely sensed supraglacial geochemical composition description. Further
spaceborne description of geochemical compositions (e.g. REE rich carbonatite dif-
ferentiation using ASTER presented in Mars and Rowan, 2011) and particulates (e.g.
3-D MISR modeling of volcanic ash Scollo and others, 2010) and (e.g. lidar aerosol
description Winker and others, 2009) prove promising. Recent research on mass loss
of Alaskan glaciers and delivery of iron rich ﬁne-grained glacial dust to ocean (Cru-
sius and others, 2011) could be complemented with compositional description methods
presented in this dissertation. Future work could also be recommended toward inves-
tigating topographic inﬂuences on supraglacial reﬂectance with respect to atmospheric
transport mapping and tracking as well as incorporation of more robust radiative ﬂux
estimates due to diﬀering supraglacial dust and debris types.
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5. CONCLUSIONS AND PERSPECTIVES
Overall, this study provided a fundamental step in developing spaceborne supraglacial
dust and debris characterization methods to spatially map surface composition, tem-
perature and spectral variability. Supraglacial dust and debris mapping methods were
applied toward glaciologic applications investigating radiative absorption and mass ﬂux.
Spaceborne supraglacial dust and debris characterization advances glacier remote sens-
ing capabilities on a global scale, allowing for improved quantiﬁcation of glacier dust
and debris on large spatial and temporal scales. This improved quantiﬁcation of glacier
surface characteristics could prove promising in monitoring glaciers, modeling radiative
energy balance and estimating ice mass ﬂux.
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Proposed methodology for detection of geochemical 
species on glaciers 
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Abstract. Remote sensing of inorganic geochemical 
species on glaciers is a key remaining challenge in 
cryospheric surface characterization and development of 
glacial and climate models.  Cryospheric surface 
geochemistry via remote sensing is a powerful means to 
monitor atmospheric circulation and pollution dispersion.  
Extraction of geochemical information from remote 
sensing data would allow for an abundance of data to be 
used in a manner not previously possible – accessibility 
of near real time as well as historical data at large spatial 
scales.  Traditional in-situ geochemical analyses often 
necessarily require considerable time and resources 
spent on field deployment and subsequent laboratory 
analysis. In this study, methodology for identifying 
geochemical species is proposed based on evaluation of 
glacial environments in Svalbard, the Himalayas and New 
Zealand.  These sites were chosen due to availability of 
both remote sensing and in-situ data.  Furthermore, in 
April 2009 field spectrometry data and in-situ snow 
samples were collected in Svalbard for use in 
methodological development and validation.  Preliminary 
results indicate strong potential for development of a 
method to characterize inorganic geochemical species on 
snow and ice.  
 
Keywords: remote sensing, glaciers, geochemistry 
 
1 Background 
 
Earth observing satellite technology has advanced 
greatly in the past decades and allows for unprecedented 
imaging of the Earth’s surface, including difficult to 
access locations such as the polar regions. Satellites 
provide exceptionally detailed information at temporal 
resolutions of up to daily time scales and couple hundred 
meter spatial resolutions (i.e.: Moderate Resolution 
Imaging Spectroradiometer, MODIS) or finer spatial 
resolution of tens of meters and greater temporal 
resolutions (i.e.: Advanced Spaceborne Thermal 
Emission and Reflection Radiometer, ASTER and 
Landsat).  Due to the finer spatial resolution, ASTER 
and Landsat data are commonly used in smaller glacier 
analysis (Andreassen et al. 2008; Kääb 2005; Hall et al. 
2000; Hall et al. 1989), and are useful for geochemical 
studies of glaciers. 
        Previous geochemical remote sensing studies focus 
on arid terrain (Moore et al., 2008; Khan and Mahmood 
2008; Gomez et al. 2005; Rowan et al. 2005; Mahoney et 
al. 2002; Sultan et al. 1987) and vegetation (Schellekens 
et al. 2005, Clevers et al. 2004; Horler et al. 1980).  
These studies have primarily used Landsat and ASTER 
remote sensing data, with some studies utilizing 
hyperspectral remote sensing data to more fully describe 
the spectral signature of investigated species (i.e.: 
Hyperion) (Mahoney et al. 2002).   
        Several in-situ cryospheric particulate matter 
studies have been conducted, ranging from glacial 
changes in mineral records in ice cores (Fischer et al. 
2007; Kreutz and Sholkovitz 2000), Arctic pollution 
(Osterberg et al. 2008; Jacob 2007; Berg et al. 2008; Lu 
et al., 2001) and Antarctic trace element characterization 
(Marteel et al. 2008; Ruth et al. 2008; Gasparon and 
Matschullat 2006).  In many cases, a significant 
expansion to such studies could be provided by remotely 
sensed geochemical data – greatly increasing spatial and 
possibly temporal coverage.   
        Laboratory spectroscopy is a well established 
scientific method for geochemical characterization.  
Further, the measurement of trace elements from 
geochemical samples has become possible within the 
past few decades.  Mass and concentration detection 
instrumentation progression over the years from 
gravimetry and X-ray analysis to inductively coupled 
plasma mass spectrometry (ICP-MS) has allowed for a 
shift from larger scale mineralogical component 
measurements to small ‘trace elemental’ detection and 
measurement (Kreutz and Sholkovitz 2000; Berg et al. 
1994; Steinnes et al. 1993).  Ground breaking ICP-MS 
analysis allows for dozens of elements to be measured at 
very low concentrations (i.e.: concentrations in the parts 
per million or billion range).  ICP-MS is the method 
envisioned to be used for comparison of remote sensing 
geochemical results and field collected geochemical 
analysis of data. 
 
2 Methodology and Data 
 
Methods used for detecting geochemical species on 
other land cover surfaces will be tested with respect to 
analysis of glacier surfaces in three regions: Kongsvegen 
and Grønfjordbreen in Svalbard, Norway; Kangxung and 
Khumbu glaciers in the Himalayas, and the Mt. Ruapehu 
glaciers in north New Zealand.   
 
  
 
Figure 1. ASTER visible near infrared bands 1,2,3N image of 
Ny Ålesund area in Svalbard, highlighting Kongsvegen glacier 
which is targeted for geochemical analysis (image oriented 
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with North toward the top of the page, image resolution 15m, 
acquisition date 12 July 2002). 
 
        In-situ snow sample and field spectrometry data 
was acquired on the 17th and 18th of April 2009 on 
Grønfjordbreen and surrounding areas in Svalbard.  A 
FieldSpec Pro instrument was used with data collection 
in the wavelength range of 350-2500 nm.  Four areas in 
different regions on and surrounding Grønfjordbreen 
were chosen for sample collection in 1000 mL acid 
prepared (HCl) low density polyethylene bottles.   
Samples were collected in duplicate and will be analyzed 
via ICP-MS for snow trace element concentrations.  
Field spectrometry data will be compared with trace 
element concentrations.   
        Existing similar trace element concentration 
geochemical data is available in three areas: Ny Ålesund, 
Svalbard – via Berg et al. 2008; Mt. Everest snow and 
firn – Kang et al. 2007 and Zhang et al. 2007; and New 
Zealand - Marx et al 2005.  ASTER level 1B scenes have 
been acquired for comparison with each geochemical 
data set (see Table 1) in time frames nearest in date and 
season to data collection are analyzed.  For additional 
comparison purposes, for the April 2009 data set, 
MODIS data satellite data coinciding with field 
collection was also acquired. 
 
Table 1. Listing the location, glacier; the date of remote 
sensing scene, and the in-situ data reference. 
 
Svalbard, Kongsvegen glacier       12 Jul 2002     Berg (2008)    
Himalaya, near Khumbu glacier    29 Nov 2005   Kang (2007) 
New Zealand, Whangaehu glacier 18 Nov 2003   Kargel (1999) 
 
Svalbard, Grønfjordbreen        4 Apr 2008 this study 
 *   In addition to ASTER, MODIS satellite data has also been  
      targeted for comparison with in situ data in this case. 
 
        Evaluations will include initial mineral specific 
spectral mapping after Moore (2008), and subsequent 
use of established (Ninomiya 2003, and others) or new 
ASTER visible-to-near, shortwave- and thermal-infrared 
reflectance band ratio analysis.  The objective is to use 
distinctive metal or mineral spectral reflectance features 
to identify presence in the surface snow and ice of 
glaciers.  Results will highlight optimal band ratio and 
suggested thresholds for geochemical species 
differentiation.  Satellite data spectral band ratios and 
thresholds will be tested for each region with respect to 
expected inorganic geochemical species per in-situ data. 
        Geographically-varied regions provide an 
opportunity to test detection of various inorganic 
geochemical species under many glacier and geologic 
conditions.  Trace inorganic element data is available for 
all three regions, yet, glacial type and geological 
conditions differ.  The inorganic species present on 
Arctic Svalbard glaciers result from long range 
atmospheric transport as well as local pollution sources.  
Monsoon influenced Himalayan glaciers are heavily 
debris covered, with much of the inorganic glacial 
species expected to be representative of surrounding 
geology.  Expected minerals on heavily debris covered 
Himalayan glaciers include leucogranite and low-grade 
schist (Benn, personal communication 2009).  The 
temperate New Zealand Mt. Ruapehu glaciers provide 
volcanic tephra silica-rich surface geochemical 
signatures.  
        Kargel et al. (1999) presents investigation into trace 
elemental concentration required to affect the 
spectroscopic signature.  Levels of trace elemental 
concentration will be evaluated with respect to 
cryospheric reflectance signatures.   
 
3 Expected Results 
 
Relative to the Khumbu and Whangaehu glaciers, 
Kongsvegen and Grønfjordbreen in Svalbard are 
expected to yield the highest glacial area mean 
reflectance.  The distinct geologic surroundings of the 
Khumbu and Whangaehu glaciers should theoretically 
allow for differentiation of geochemical species over ice 
surfaces via established arid terrain mineral indicies. 
        It has been previously theorized that the visible 
region of the snow and ice spectral signature provides 
greatest potential for surface impurity and particulate 
signature distinction (Warren and Wiscombe 1980; Hall 
et al. 1989; Hansen and Nazarenko 2004; Moody et al. 
2007). The visible region of the spectrum also contains 
absorption features for biological substances including 
glacial algae.  It is well known that snow and ice grain 
size differences spectrally alter the near infrared region 
of the electromagnetic spectrum (Dozier et al., 2007 and 
others).  Glacier facies i.e.: dry snow, percolation zone, 
wet snow, bare ice after Benson (1962) spectral 
characteristics are also well described (Williams et al. 
1991).  Mineral spectral absorption features distinct to 
the SWIR and TIR wavelengths suggest that a full 
spectral analysis will be part of the geochemical 
discrimination methodology.   
        Further, coordination of in-situ data with remote 
sensing data must include consideration of the temporal 
component.  Gaps in data require consideration of many 
factors, including: seasonality, precipitation events, 
atmospheric events, as well as glacier velocities. An 
attempt was made to gather the most comparable remote 
sensing data relevant to the existing in-situ geochemical 
data.  In consideration of the temporal gap with regards 
to glacial velocity, for example, Kongsvegen glacier in 
recent decades has been extremely low, only a few 
meters per year (Kääb et al. 2005), thus, this slow 
flowing glacier is amenable to comparisons which may 
have a small temporal gap of satellite and field 
acquisition of data.  Faster glacier velocity (e.g. Khumbu 
glacier icefall -- 80 meters per year (Sherler et al. 2008)), 
may require larger spatial than point analysis in order to 
consider feature disposition if there is temporal 
inconsistency in data comparisons.  When comparing in-
situ and remote sensing data with large temporal gaps, 
analysis must also consider seasonal or other temporal 
surface deposit events (e.g. dust, volcanic). 
        A few studies begin to address the combination of 
cryospheric remote sensing and geochemistry - optical 
characteristics of surface dust over glaciers were studied 
by Takeuchi (2002).  Although remote sensing data was 
not used in the study, factors including albedo and 
biological substances were explored.  Wu (2006) 
conducted field spectroscopy measurements looking for 
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heavy metals in sediment.  
        These and other studies will be evaluated for 
development of remote sensing methodology for analysis 
of inorganic chemical species over glacier surfaces.  
Overall, detection of geochemical species via 
cryospheric remote sensing data is a powerful tool 
pertinent to a myriad of applications, from surface 
characterization, glacial and climate modeling, to 
pollution monitoring or understanding of atmospheric 
circulation patterns.  Initial geochemical species remote 
sensing analysis proves promising for further 
development of geochemical remote sensing 
methodology. 
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Abstract
Field spectrometry and physical samples of debris, snow and ice were collected from
the ablation zones of Ngozumpa and Khumbu glaciers of the Khumbu Himalaya, Nepal
in November and December 2009. Field acquired spectral reﬂectances and mineral
and chemical composition of samples were used as ground truth for comparison with5
satellite optical remote sensing data. Supraglacial debris was characterized by several
optical remote sensing methods, including hyperspectral reﬂectance analysis, multi-
spectral band composites and indices, spectral angle relationships, thermal band tem-
perature and emissivity analysis, as well as repeat image derived glacier velocity and
theoretical supraglacial particle transport. Supraglacial mineral components were iden-10
tiﬁed and mineral abundances were estimated on Khumbu Himalayan glaciers. Mass
ﬂux was estimated by false color composites and glacier velocity displacement ﬁelds.
Supraglacial temperatures were compared with mineral abundances, implying poten-
tial parameters to estimate diﬀerential melt. Overall, glaciologic implications of debris
cover characterizations are applicable to (1) glacier energy balance, (2) glacial kine-15
matics and (3) mapping glacial extent. The methods presented can be used in synergy
to improve supraglacial debris quantiﬁcation and reduce errors associated with debris
covered ice extent mapping, surface radiative properties, as well as debris covered ice
mass ﬂux and loss estimations.
1 Context20
Many of the world’s alpine glaciers have moderate to signiﬁcant debris cover in their
ablation zones, and this debris remains a challenge in optical satellite remote sensing
glacier description. Previous optical remote sensing analysis of debris covered glaciers
has largely focused on mapping glacial extent. While mapping “clean” bare glacier ice
extent can be done quite successfully (Hall et al., 1988), even on a semi-automated25
basis (Paul et al., 2007); strategies for debris covered glacier extent mapping remain
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in development and commonly utilize geomorphometric approaches (Taschner and
Ranzi, 2002; Paul et al., 2004; Bolch et al., 2007; Buchroithner and Bolch, 2006; Shukla
et al., 2010). A recent advance by Atwood et al. (2010) and Strozzi et al. (2010) in-
volves the use of phase coherence between repeat synthetic aperture radar (SAR)
data to delineate debris covered areas.5
In addition to mapping glacier extent, glaciologic thermal properties as well as kine-
matic processes can be derived from optical remote sensing of glacier debris. Minimal
to moderate glacier debris cover enhances ice and snow melt rates (Warren and Wis-
combe, 1980; Oerlemans et al., 2009) while extensive debris cover – typical of several
Himalayan glaciers – can insulate ice and dampen melt processes (Ostrem, 1959; Fu-10
jii, 1977; Mattson et al., 1993; Adhikary et al., 2000; Takeuchi et al., 2000; Nicholson
and Benn, 2006). Ablation rates, melt water discharge (Mattson, 1990, 2000), and
debris-cover regulated backwasting (Nakawo et al., 1999), are among the glaciologic
variables that are aﬀected by debris cover. Further, lithologic supraglacial patterns re-
veal the kinematic history of a debris covered glacier. Evidence of past surges and ﬂow15
processes can be suggested by looped and folded moraines, as well as band and wave
ogive patterns (Post and LaChapelle, 2000). Debris mantle patterns and assemblages
indicate slope processes such as rock or ice falls or avalanches (Benn and Evans,
2010) as well as glacier ﬂow regimes which can be described by glacial movement
that is continuous, pulsed or of surge type (Ka¨a¨b, 2005). Of course, ﬂow dynamics20
from accumulation to ablation zones are complex and cannot be determined solely by
surface optical remote sensing methods. However, inspecting supraglacial lithology
can highlight distinct geologic sources in the accumulation zone which then reemerge
supraglacially in the ablation zone, for example, giving an indication of englacial trans-
port as well as the amount of debris transported.25
Optical remote sensing multi-temporal image matching of debris cover can be uti-
lized to estimate glacier velocities and theoretical surface particulate ﬂow (Ka¨a¨b et al.,
1998; Frauenfelder and Ka¨a¨b, 2000; Ka¨a¨b, 2005). The synergy of glacier velocity and
streamline information with supraglacial debris characterization can provide ﬁrst-order
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thermal- and kinematic-related glacier records of years, decades or centuries. Consid-
eration of glacier transport and mass loss is relevant to glacier mass balance estima-
tions at regional and global scales. Colloquially referred to as Earth’s 3rd pole (Yao,
2010), the Himalayan glaciers are characterized by extensive debris cover. Sustained
and widespread mass loss of ice in the Himalayas and in other regions can lead to5
crustal uplift (Tamisiea et al., 2001; Larsen et al., 2005), and of course, ultimately, sea
level rise (Meier et al., 2007). Attention to and improved mapping of debris covered
glaciers on a global scale is of paramount importance.
In this paper, we present several visible to thermal infrared multi- and hyperspec-
tral remote sensing techniques for characterization of glacier debris which are applied10
to glacier energy balance, kinematic history and ice extent mapping. Glaciers in the
Khumbu Himalayas will be used for testing the remote sensing techniques, with in
situ ﬁeld spectrometry and debris sample mineralogy and composition used as ground
truth. To the authors’ knowledge, no glaciologic study has explored full spectrum –
visible to thermal infrared – data for qualitative and quantitative supraglacial debris15
characterization which is relevant to improving debris covered glacier mapping, under-
standing kinematic history as well as estimating thermal parameters of glaciers.
2 Optical remote sensing of glacier debris
In the following sections, we provide a review of optical satellite sensors used in this
study and a brief background on spectral measurement of lithology.20
2.1 Sensors
Earth observing satellite technology has advanced greatly in recent decades and al-
lows for unprecedented spatial, temporal and spectral imaging of Earth’s cryospheric
surfaces, including diﬃcult to access alpine and polar regions. Wavelength dependent
spectral signatures can be used to identify surface material based on electromagnetic25
502
80
D
iscussion
P
a
per
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
reﬂection (0.4–3 μm) and emission (3–14 μm) (Goetz et al., 1983). Optical satellite
instruments measure discrete spectral bands from the visible to the thermal infrared
wavelengths (0.4–14 μm) and provide high resolution spectral information for deter-
mining surface materials (e.g.: snow, ice, rock, vegetation) at up to daily temporal res-
olutions and couple hundred meter spatial resolutions (e.g.: Medium Resolution Imag-5
ing Spectrometer Instrument, MERIS or Moderate Resolution Imaging Spectrometer,
MODIS) or ﬁner spatial resolutions of tens of meters and coarser temporal resolu-
tions of more than ten days (e.g.: US/Japan Advanced Spaceborne Thermal Emis-
sion and Reﬂection Radiometer (ASTER) onboard the NASA Earth Observing System
Terra satellite and US NASA/USGS Landsat mission satellites). Data from Landsat and10
ASTER are commonly used in glacier analysis, due to the ﬁner spatial resolution (Hall
et al., 1988; Paul et al., 2002; Andreassen et al., 2008) and will be among the sensors
utilized in this study (Fig. 1).
The Landsat Earth observing satellite program began in 1972 (as Earth Resources
Technology Satellite, ERTS) and has consisted of a several instruments over the past15
three decades: Landsat 1, 2, 3, 4 – Multispectral Scanner System (MSS), Landsat 4, 5
– Thematic Mapper (TM), and Landsat 7 – Enhanced Thematic Mapper Plus (ETM+).
Landsat 7’s ETM+ provides 16-day temporal resolution with 8 spectral bands: one
panchromatic (pan) band at 15m resolution, six visible to shortwave infrared bands at
30m resolution, and one thermal band at approximately 60m resolution. Unfortunately,20
the ETM+ scan line corrector (SLC) on the instrument failed in May 2003. ETM+ data
post May 2003 exhibits wedge shaped gaps, resulting in a loss of approximately 22%
of scene area (Storey et al., 2005). However, Landsat 7 ETM+ gap-ﬁlled data are
available. Additionally, Landsat 5 TM, with similar spectral (7 bands) and spatial (30m)
resolution, continues to function at the date of this publication.25
Launched onboard Terra in 1999, ASTER measures 14 optical bands at spatial res-
olutions from 15 to 90m at 16-day temporal resolution. Speciﬁcally, ASTER oﬀers
three bands in the visible and near infrared (VNIR, 0.4–0.9 μm) at 15m spatial resolu-
tion, six shortwave infrared bands (SWIR, 1.0–2.5 μm) at 30m spatial resolution and
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ﬁve thermal infrared bands (TIR, 3.0–12 μm) at 90m spatial resolution. Intended par-
ticularly for spectral signature studies (Abrams, 2000), ASTER’s spectral coverage in
SWIR and TIR is unprecedented via satellite instrumentation. Unfortunately, after nine
years of operation, in April 2008, the SWIR bands began to fail and are no longer suit-
able for geologic analysis. (To note, ASTER VNIR and TIR bands are still performing5
well at the date of this publication, SWIR data from 2000 to 2008 are usable.)
Part of a technological demonstration and validation mission, NASA’s EO-1 satellite
was launched in 2000 and operates in a sun-synchronous orbit on a 16-day repeat cy-
cle (although images are not acquired continuously). EO-1 carries two pushbroom sen-
sors: Hyperion and Advanced Land Imager (ALI). Hyperion uses a VNIR and a SWIR10
spectrometer to acquire 242 spectral bands from 0.4 to 2.5 μm (in 10 nm nominal incre-
ments) at 30m spatial resolution. Of the 242 spectral bands, only 220 are calibrated
due to low response of detectors in non-calibrated bands. Approximately 24 bands
measure at the same wavelength between the VNIR and SWIR spectrometers. Thus,
there are 196 distinct spectral bands – VNIR bands 8 through 57, and SWIR bands15
77 through 224. Similar in spectral resolution to the Landsat series, ALI oﬀers one
pan band and 9 visible to shortwave infrared bands. Compared to Landsat TM and
ETM+, ALI oﬀers improved VNIR to SWIR spectral resolution at the same spatial res-
olution (30m), and improved pan band spatial resolution (10m vs. ETM+ pan 15m).
However, ALI oﬀers no TIR spectral data. Although EO-1 was only planned to run for20
2-years, operation has continued successfully and EO-1 is now managed by the United
States Geological Survey (USGS) (all Hyperion and ALI instrument data after Beck et
al., 2003).
2.2 Measuring lithology
The use of laboratory and ﬁeld based spectroscopy in deriving mineral and chemi-25
cal constituents began with pioneering investigations by McClure (1957, 1959); Lyon
(1965); Hunt and Salisbury (1970a,b); Hunt et al. (1971a,b) as well as Clark and
Lucey (1984) focusing strictly on ice/rock mixtures. Interpretation of reﬂectance and
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emission spectra from optical satellite remote sensing for deriving mineral and chem-
ical constituents has progressed over the past several decades (Vincent and Thom-
son, 1972; Goetz and Rowan, 1981; Clark et al., 1990; Hook et al., 1992; Rowan and
Mars, 2003; Ninomiya, 2004). Laboratory and ﬁeld based VNIR to SWIR and TIR
spectral libraries serve as references for spectral analysis (Christensen et al., 2000;5
Baldridge et al., 2009) (Appendix A). Dominant anions, cations, trace constituents and
crystal ﬁeld structures strongly inﬂuence reﬂectance and emission spectra (Hunt, 1977;
Gupta, 2003). Speciﬁcally, transition metal enrichment can be detected via use of VNIR
(Rowan et al., 1986; Gupta, 2003; Rowan and Mars, 2003); hydroxide, sulfate and car-
bonate minerals can be analyzed using SWIR (Kruse, 1988; Rowan and Mars, 2003;10
Ninomiya et al., 2005); and silicate, carbonate, oxide, phosphate, and sulfate miner-
als via use of TIR (Gillespie et al., 1984; Hook et al., 1992; Gupta, 2003; Ninomiya
et al., 2005). Traditionally, X-ray diﬀraction (XRD) can be used to semi-quantitatively
identify mineralogy of in situ samples, while X-ray ﬂuorescence spectrometry (XRF)
can be used to provide a quantitative measurement of oxide compound weight per-15
centage (e.g.: SiO2, Al2O3, Fe2O3, CaO) as well as trace element concentration (part
per million, ppm) (e.g.: V, Co, Zn, Pb). In this paper, we utilize XRD and XRF analy-
sis of glacier debris samples to qualitatively and quantitatively and investigate lithology
(which we deﬁne as the description of rock composition and texture) via remote sensing
data in light of glacier dynamics.20
Previous hyperspectral and satellite multispectral geologic or geochemical remote
sensing diﬀerentiation studies focus largely on arid terrain (e.g. Goetz et al., 1983;
Sultan et al., 1987; Rowan et al., 2005). Spectral investigations of debris cover on
glacier surfaces to date include: glacier extent mapping via Landsat thermal imaging
(Lougeay, 1974, 1982), SPOT pan imagery and an applied artiﬁcial neural network25
(Bishop et al., 1999), Landsat TM and ASTER VNIR, TIR data mapping (Taschner and
Ranzi, 2002), and combined VNIR, 1 SWIR band, TIR and geomorphic data (Shukla
et al., 2010). Further morphometric glacier mapping approaches are presented in Paul
et al. (2004) and Bolch et al. (2007). In addition to glacier extent studies, Shroder et al.
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(2000) inspected glacial debris cover via 4 SPOT VNIR bands to suggest mechanisms
in which debris covered glaciers turn into rock glaciers; Wessels et al. (2002) used
ASTER VNIR-TIR data to analyze spectral variability of supraglacial lakes in the Ever-
est region; Suzuki et al. (2007) mapped thermal resistance of debris covered glaciers in
the Lunana and Khumbu Himalayas, and Ka¨a¨b (2005) utilized false color ASTER SWIR5
and TIR band composites to indicate debris patterns, source areas, and indication of
ﬂow regimes at Hispar glacier in the Karakorum, Pakistan and Unteraar glacier in the
Grimsel region of the Swiss Alps. This study identiﬁes VNIR-TIR multi- and hyperspec-
tral satellite remote sensing methods for lithologic diﬀerentiation and characterization
of supraglacial debris.10
3 Study area
Fifteen percent of the Himalayan mountain range is covered by glaciers, constituting
one of the largest areas of land-based ice outside of the Greenland and Antarctic ice
sheets (Nesje and Dahl, 2000; Anthwal et al., 2006; Radic and Hock, 2010). We esti-
mate glacier area in the Hindu Kush Himalayas to be around 65000 km2, and 8000 km215
or roughly 15% of this glacier area is debris covered (unpublished initial Himalaya
glacier inventory by the authors). Focusing on the Khumbu Himalaya study area (Fig. 2,
3), the Ngozumpa glacier is the longest glacier in Nepal at approximately 25 km (Benn
et al., 2001) with Khumbu glacier measuring 17 km in length (Hambrey et al., 2008).
The large size of these debris covered ablation areas provides ample spatial coverage20
to use remote sensing data (ranging from 15–90m VNIR-TIR) in spectral debris cover
analysis.
The climate in the region is strongly aﬀected by the South Asian monsoon, mid-
latitude westerlies, and El Nin˜o Southern Oscillation (ENSO) (Benn and Owen, 2002).
The Khumbu Himalayan glaciers experience summer precipitation that exceeds winter25
precipitation, allowing for simultaneously strong accumulation and ablation from late
May through mid-September. Glaciologically referred to as summer accumulation type
506
82
D
iscussion
P
a
per
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
(Ageta and Higuchi, 1984; Benn and Owen, 1998), signiﬁcant melt can occur in late fall
and early winter months as was observed at Khumbu glacier in December 2009. The
Ngozumpa and Khumbu glaciers are heavily debris covered due to frequent rock and
ice avalanches from surrounding extreme topographic relief. High rates of supraglacial
activity in terms of sediment transport, deposition, and glacial erosion (Benn and Owen,5
2002) as well as the extreme topographic relief are characteristics that diﬀerentiate
Himalayan glaciers from polar and other alpine glaciers.
Ngozumpa and Khumbu glacier surface debris consists primarily of leucogranite,
greenschist and sillimanite gneiss dust, silts, sands, gravels, rocks and boulders, with
primary mineral components including quartz, potassium feldspars (in the form of or-10
thoclase and microcline), feldspars (albite, calcium-rich albite), micas (muscovite, bi-
otite, phlogopite), and carbonates (calcite) (Pognante and Benna, 1993; Carosi et al.,
1999; Searle, 1999; Searle et al., 2003). Extensive debris cover on both glacier
tongues increases in depth down glacier and insulates the underlying ice (Kadota,
1997; Kadota et al., 2000; Byers, 2007; Hambrey et al., 2008). Both Ngozumpa and15
Khumbu glaciers are characterized by numerous supraglacial melt ponds (Wessels
et al., 2002) and considerable relief of supraglacial debris with the height diﬀerence
between peaks and troughs estimated at 20–50m as observed during ﬁeld work in
2009 and reported in Benn and Owen (2002). Downwasting or thinning of Khumbu
Himalayan glaciers has been observed over the past several decades (Bolch et al.,20
2008a). In addition to downwasting, backwasting, or the ablation which occurs on ex-
posed ice faces in debris covered areas, is a primary melt mechanism active on these
glaciers. Backwasting was found to account for up to 20% of the total ablation of de-
bris covered area by Nakawo et al. (1999). Backwasting related topographic inversion
processes that occur on these debris-mantled glaciers, yield complex debris assem-25
blages (detailed in Benn and Evans, 2010). Fushimi et al. (1980) ﬁeld based maps of
supraglacial debris types on the Khumbu glacier show a longitudinal band of schistic
debris and lateral granitic debris bands, traced from the icefall to the terminus. These
Khumbu glacier longitudinal supraglacial debris bands are reﬂective of surrounding
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lithology, and indicative of ﬂow processes. Wave ogives occurring directly below the
Khumbu icefall were noted by Hambrey et al. (2008), further suggesting glacial ﬂow
patterns also act as a control on the distribution of debris.
4 Data collection and methods
For this study, ﬁeld work was conducted at the Ngozumpa and Khumbu glaciers in5
November and December 2009. Multiple glacier surface measurements were col-
lected, including VNIR-SWIR ﬁeld spectra, land surface temperature (LST), and phys-
ical samples of surface snow, ice, meltwater, and debris. Field measurements were
conducted in the middle ablation area of the Ngozumpa glacier (approx 4735–4790m
a.s.l.) and in the upper ablation area of the Khumbu glacier (approx 5100–5285m a.s.l).10
Figure 3 and Table 1 detail the glaciers studied and in situ measurement locations.
4.1 Field spectrometry
Field spectra were measured using an Analytical Spectral Devices (ASD) FieldSpec
Pro. The backpack portable laptop-driven FieldSpec Pro is comprised of three detec-
tors that measure spectral reﬂectance from visible to shortwave infrared (0.35–2.5 μm).15
One VNIR 512-channel silicon photodiode detector operates along with two separately
cooled, scanning, grated index SWIR indium gallium arsenide (InGaAs) photodiode de-
tectors. Instrumental spectral resolution (full-width at half maximum) is 3 nm at 0.7 μm,
10 nm at 1.4 μm, and 12nm at 2.1 μm, with spectral sampling steps of 1.4 nm from
0.35–1.05 μm and 2nm from 1.05–2.5 μm (Analytical Spectral Devices, 2002). Field20
spectrometry reﬂectance measurement methods after Hall et al. (1992); Wiens et al.
(2002) and Takeuchi and Li (2008) among others, were used in the ﬁeld in order to al-
low for optimal comparison with satellite remote sensing data. More sophisticated ﬁeld
spectra measurement techniques (e.g. Sandmeier and Itten, 1999; Painter et al., 2003;
Bourgeois et al., 2006) would have been desirable, however such equipment was not25
available nor logistically possible for use in this study.
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Over 3360 spectra were collected from glacier snow, ice, debris, and vegetation cat-
egories at the Ngozumpa and Khumbu glaciers. Speciﬁcally, in excess of 1800 spectra
were collected at the Ngozumpa glacier from 26–29 November 2009, while more than
1560 spectra were collected at the Khumbu glacier from 4–6 December 2009. Spectra
were measured in ASD’s raw mode on clear sky days within two hours of local so-5
lar noon (10:00 a.m.–2:00 p.m. LT). An 18◦ foreoptic and distances ranging from 10 cm
to 1m above the surface (relating to approximately 3 cm2 to 30 cm2 surface resolu-
tion, respectively) were used for spectral data acquisitions. A Spectralon calibration
panel provided the reference reﬂectance material. For each targeted surface mate-
rial, at least 20–30 ground based spectrometry measurements were collected in the10
nadir viewing direction. In situ sample sites were selected to cover a range of sur-
face types, of both pure (e.g.: bare ice, snow, debris) and mixed targets (e.g.: snow
and rock, ice and snow) – maximizing spectral acquisitions while maneuvering on the
active debris covered glacier in the short solar noon temporal window. Spectral mea-
surements were collected with the aim of assessing in situ reﬂectance measurements15
of both pure and mixed pixel spectral targets. Geographic location (GPS), surface tem-
perature and physical samples were collected in conjunction with each set of spectral
class measurements.
Determination of ﬁeld spectrometry results involved converting instrumental raw
mode digital numbers to spectral reﬂectance after Nicodemus et al. (1977). Measured20
target reﬂectance was divided by Spectralon calibrated reference surface reﬂectance,
and multiplied by both calibration panel oﬀsets and the user deﬁned reﬂectance scale
for each wavelength (0.35–2.5 μm). Due to FieldSpec Pro instrument variability from
the 57 VNIR/SWIR individual optical ﬁber responses (MacArthur et al., 2007) as well as
signal-to-noise ratios (Analytical Spectral Devices, 2002) and in order to compare ﬁeld25
spectra with satellite spectral data, repeat ﬁeld spectra over each target were averaged
to form ﬁeld spectral reﬂectance class signatures (here after referred to as spectral
signatures).
509
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
a
per
|
D
iscussion
P
aper
|
4.2 Sample acquisition and analysis by X-ray diﬀraction and X-ray ﬂuorescence
spectrometry
In conjunction with spectral measurements, 19 samples of snow, ice, and melt water
were collected in acid prepared 500mL low density polypropylene Nalgene bottles, and
22 samples of supraglacial debris were collected in clean polyethylene bags (obtaining5
approximately 100 g of material per sample). All in situ samples were taken in dupli-
cate and double polyethylene bagged. For this study, Ngozumpa and Khumbu glacier
debris samples were analyzed for mineralogy and composition via powder XRD and
XRF at the University of Oslo, Department of Geosciences (snow, ice and melt water
results are presented in Casey et al., 2010). Debris samples were oven dried (2 days at10
80 ◦C), crushed to a ﬁne powder (less than 125 μm particle size) via a vibratory ringmill.
Powder XRD was conducted via use of a Philips XPERT diﬀractometer (manufactured
by PANalytical B.V., Almelo) with samples analyzed in FORCE Bulk Mode measuring
from 2◦ to 65◦ 2Θ. Mineralogy was derived via use of PANalytical’s X’pert Highscore
software, with semi-quantitative peak area and weight factor estimates of percent com-15
position were calculated after Moore (1997). For XRF, ten grams of oven dried ﬁne
powder was prepared into sample tablets and measured on a Philips PW2400 XRF
spectrometer run via SuperQ Version 3 software in TRACES 7B mode. The following
oxide compounds and trace elements were measured: SiO2, Al2O3, Fe2O3, MgO, CaO,
Na2O, K2O, and V, Co, Zn, Pb, Zr, Th, U. Accuracy of XRF results is 98%. XRD and20
XRF measurements along with ﬁeld collected spectra and spectral library references
provide an indication of Ngozumpa and Khumbu supraglacial debris mineralogy and
composition.
4.3 Optical satellite data
To assess the potential of the unprecedented spectral data provided by current Earth25
observing sensors, satellite data from ALI, ASTER, Hyperion, and Landsat TM, ETM+
was used to investigate glacier debris cover in the Khumbu Himalayas. Spectral
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analysis methods for debris cover characterization included: hyperspectral reﬂectance,
SWIR and TIR false color image composites, mineral abundance mapping via SWIR
and TIR band indices and VNIR-TIR spectral angle relationships, TIR emissivity and
land surface temperature (LST) mapping, and repeat image derived velocity and
streamline estimations. The speciﬁc satellite data products used are as follows: Hype-5
rion radiometrically corrected Level 1T data, Landsat TM Level 1T and ETM+ Level 1G
radiometrically and geometrically corrected data, and the following ASTER products,
Level 1B radiance-at-sensor data, Level 2 AST 07XT “Surface Reﬂectance VNIR &
Crosstalk Corrected”, AST 05 “Surface Emissivity”, and AST 08 “Surface Kinetic Tem-
perature”. A full discussion of EO-1 products is given in Beck (2003), Landsat products10
in Tucker et al. (2004) and Storey et al. (2005) and ASTER products in Abrams (2000)
and Abrams et al. (2002). Satellite data acquisition dates, product names and meth-
ods used to investigate Khumbu Himalayan glacier debris cover are summarized in
Table 2. Satellite remote sensing data were acquired with the closest temporal and
seasonal (post-monsoon dry season) correlation in light of the previously mentioned15
instrument anomalies (Landsat ETM+ data prior to 2003 and ASTER SWIR data prior
to 2008 are used).
For satellite reﬂectance analysis, digital numbers were converted to at-sensor radi-
ance using sensor- and band-speciﬁc calibration settings (e.g.: gain, oﬀset, solar irra-
diance). At-sensor radiance was converted to at-sensor (top-of-atmosphere) planetary20
reﬂectance for each band after Markham and Barker (1986) (Eq. 1).
ρp =
(π×Lλ×d2)
(ESUNλ×cosθs)
(1)
Where ρp is at-sensor planetary reﬂectance (unitless value from 0 to 100%),
Lλ is at-sensor radiance (mWcm
−2 sr−1 μm−1),
d is the Earth-Sun distance (in Astronomical Units),
ESUNλ is mean solar exoatmospheric irradiance (mWcm
−2 μm−1),
θs is solar zenith angle in degrees.
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Planetary reﬂectance can vary from surface reﬂectance due to absorption of gases
and/or scattering eﬀects of aerosols and gases in the atmosphere (Tanre et al., 1990).
For example, at-satellite reﬂectance was found to increase 5–17% after atmospheric
corrections were applied to Landsat TM data at Forbindels glacier in Greenland (Hall
et al., 1990). Atmospheric planetary to surface reﬂectance correction, especially over5
snow and ice, remains in development (Kaufman, 1989; Lu et al., 2002; Stamnes et al.,
2004; Mars and Rowan, 2010). Thus, atmospheric corrections were restricted to those
applied in validated products (i.e. AST 07XT) and in the Landsat derived LST (after
Barsi et al., 2005). Planetary reﬂectance is presented with regard to Hyperion debris
covered glacier analysis, however a brief overview of atmospheric correction options10
for use with hyperspectral satellite data are discussed in Sect. 5.3.1.
Horizontal surface displacements on the glaciers studied were derived using nor-
malized cross-correlation between repeat Landsat TM near-infrared as well as repeat
ETM+ pan data (Ka¨a¨b and Vollmer, 2000; Debella-Gilo and Ka¨a¨b, 2011). Relative
surface ages were estimated from streamlines as interpolated from the horizontal sur-15
face displacement velocity ﬁelds (Haug et al., 2010). Such streamlines resemble real
particle trajectories only under the assumption that a velocity ﬁeld is constant over time.
5 Results
Khumbu Himalayan debris covered glacier ﬁeld spectrometry, XRD and XRF debris
sample analysis, and optical remote sensing methodology study results are presented20
in the following subsections.
5.1 Field spectrometry
This section provides an overview of the 3360 plus visible to shortwave infrared ice,
snow, and debris spectral reﬂectance measurements collected at Ngozumpa and
Khumbu glaciers. To begin, Fig. 4 displays spectral signatures acquired for Ngozumpa25
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glacier fresh snow and Khumbu glacier bare ice in comparison with previous snow
and ice reﬂectance measurements by Qunzhu et al. (1985); ASTER derived visible
reﬂectance of bare ice for the Khumbu glacier measurement site is over plotted. Av-
erage standard deviation for Ngozumpa glacier fresh snow and Khumbu glacier bare
ice spectral signatures is 0.011 and 0.002, respectively. Ngozumpa glacier snow and5
Khumbu glacier bare ice spectral signatures and ASTER derived spectral reﬂectance
plot within documented reﬂectance variability (Qunzhu et al., 1985; Hall et al., 1990;
Winther, 1993; Takeuchi, 2009). Reduction in the Ngozumpa glacier snow spectral
signature, relative to the Qunzhu et al. (1985) fresh snow reﬂectance can be attributed
to melt of several days; snow reﬂectance diminishes as snow grain size increases and10
melt progresses (O’Brien and Munis, 1975; Choudhury and Chang, 1979; Wiscombe
and Warren, 1980; Warren, 1982; Dozier, 1989; Nolin and Dozier, 2000). Reduction in
the Khumbu glacier bare ice spectral signature is attributed to ice pinnacles of roughly
2 to 10m in height at the measurement location on the upper Khumbu glacier, beneath
the icefall: spectra are lower in reﬂectance partially due to the mitigation of light caused15
by the ice pinnacle topography. Several snow and ice spectral signatures (clean snow,
small particulate covered snow, gravel covered snow, half snow half ice “mixed pixel”,
and bare ice) collected in the upper Khumbu glacier are presented in Fig. 5. The half
snow half ice “mixed pixel” spectral signature is roughly a linear mixture of the end-
member clean snow and bare ice pure spectral signatures. Both ﬁne particulates and20
gravel reduce visible reﬂectance of snow, with ﬁne particulates displaying an absorp-
tion feature minima at approximately 0.5 μm, while larger scale gravel shows a more
marked broad reduction in snow reﬂectance in the visible to near infrared, with absorp-
tion features beginning much earlier, at approximately 0.38 μm. A detailed investigation
of all gravel on snow spectra suggested that absorption features similar to sillimanite25
gneiss ca. 0.35–1.0 μm (reference spectrum seen in Appendix A) is resolved upon ﬁne-
scale spectral inspection.
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Variability in snow optical reﬂectance can be attributed to a variety of components,
including mineral composition of dust, soot, and organic material (Gajda, 1958; War-
ren and Wiscombe, 1980; Warren, 1982; Takeuchi et al., 2001). Snow carotinoid and
chlorophyll absorption features at 0.55 and 0.68 μm, respectively, have been reported
by Painter et al. (2001) and Takeuchi (2009). Absorption features near the chlorophyll5
absorption area were found in Khumbu snow spectra, however, ﬁne debris was clearly
visible in many of the snow samples and algal growth was not expected to dominate
at the time of spectral measurements – though known to exist in the area (Yoshimura
et al., 2000). Nevertheless, it is interesting to consider the factors aﬀecting VNIR ab-
sorption, including metal cations within ﬁne particulate debris or surface algal organ-10
isms and subsequent inﬂuence of these cations on spectral reﬂectance signatures (i.e.
further investigation combining known metal cation absorption features (Appendix A)
and XRD/XRF derived surface composition (Appendix B) with in situ and hyperspectral
reﬂectance data).
Supraglacial debris ﬁeld spectra were used to identify minerals present in Ngozumpa15
and Khumbu debris cover using spectral library references (Clark et al., 2007), with
further validation provided by XRD analysis. Figure 6 presents an example of up-
per Ngozumpa glacier supraglacial debris mineral composition – a mixture of biotite,
quartz and albite from ﬁeld sample 3N (Table 3, Appendix B). This upper Ngozumpa
glacier supraglacial debris spectra resulted in an approximately linear mixture of the20
three mineral components – biotite, quartz, and albite. Speciﬁcally, the slope of the
biotite spectral library reference as well as the hydroxide related 1.4 μm OH bond ab-
sorption features from the quartz and albite reference spectra each are seen in the
upper Ngozumpa debris mixture spectral signature. The standard deviation of the de-
bris spectral signature was calculated at 0.013. Similar standard deviation magnitudes25
were found in the majority of spectral signatures – suggesting low variability within
spectral measurements. To note, comparisons of debris spectral signatures with spec-
tral library references should be regarded as qualitative – as spectral library reference
spectra are from region speciﬁc, synthesized or altered materials, measured under
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optimal or laboratory conditions with controlled factors that can impact spectral mea-
surement (i.e.: illumination, temperature, pressure, humidity, wind) (Siegal and Abrams,
1976; Gupta, 2003).
Finally, the inﬂuence of melt water in ﬁne particulate debris cover was observed in
the supraglacial debris spectral signatures. The SWIR portion of the spectrum mani-5
fests characteristic water absorption features, which allow the amount of surface debris
moisture to be estimated (Angstrom, 1925; Bowers and Hanks, 1965; Skidmore et al.,
1975; Lobell and Asner, 2002). Ngozumpa supraglacial debris spectra presented in
Fig. 7 of visually dry and wet mud display the subsequent variability in reﬂectance in-
tensity. While general shapes of reﬂectance spectra are maintained, the amount of melt10
water determines the degree of reﬂectance intensity. Using reﬂectance moisture esti-
mation (e.g. Bowers and Hanks, 1965; Liang, 2004; Zheng et al., 2005), water content
was estimated at 5% and 15–20% from the two debris spectral signatures on the upper
Ngozumpa glacier site. Spectral estimated supraglacial moisture content could be of
key interest to glaciologic energy balance modelers, as debris moisture information is15
necessary for calculation of soil surface albedo (Liang, 2004). Improved supraglacial
debris surface albedo could reduce errors in predictions of glacier ablation rates and
mass loss.
5.2 X-ray diﬀraction and X-ray ﬂuorescence measurements
Ngozumpa and Khumbu supraglacial debris rock, gravel, soil and silt mineralogy was20
determined by XRD to consist primarily of quartz, potassium feldspars (orthoclase and
microcline), feldspars (albite, calcium albite), carbonates (calcite, ankerite, siderite),
and micas (muscovite, phlogopite, biotite) (Table 3, Appendix B). These mineral clas-
siﬁcations can be visualized in the reﬂectance and emission spectra of the dominant
minerals (Appendix A) and will be further referred to in the optical remote sensing min-25
eral mapping techniques discussed below (Sect. 5.3.3). Ngozumpa glacier samples
were primarily quartz, feldspar – in the form of calcium albite, and mica – in the form of
biotite, while Khumbu samples were primarily mica – in the form of muscovite, feldspar
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– in the form of calcium albite and quartz. XRD mineralogy results indicated minor per-
centages of calcite in 7 of the 8 Ngozumpa glacier samples, and 2 of the 14 Khumbu
glacier samples, and trace amounts of chlorites in 2 of the 8 Ngozumpa glacier sam-
ples, and 9 of the 14 Khumbu glacier samples. XRD results from this study were found
to be comparable with published data by Searle et al. (2003) among others detailed in5
(Sect. 3).
XRF oxide and trace element quantitative results provide validation for supraglacial
debris reﬂectance characteristic investigation – as brieﬂy covered in the previous sec-
tion. XRF silica measurements are also compared with ASTER based silicate mapping
results (Sect. 5.3.3). Primary mineral and XRF determined silica weight percent results10
are displayed in Table 3 and full XRF analytical results are given in Appendix B. These
XRD/XRF supraglacial debris results provide quantitative data on the Khumbu and
Ngozumpa glaciers not previously reported.
5.3 Optical satellite data
The ASTER Level 2 atmospherically and cross-talk corrected surface reﬂectance data15
product (AST 07XT) was utilized for comparison with in situ surface reﬂectance (sub-
sequent satellite methods investigate planetary reﬂectance of glacier surfaces). An
average of nearest satellite reﬂectance pixels to the in situ sample location – 4× 4
pixels in visible bands, and 2× 2 pixels in SWIR bands, corresponding to a spatial res-
olution of 60m2 – was chosen for comparison due to the temporal disparity between in20
situ acquired data and satellite derived data (6 years) and the velocity of the glaciers
(roughly from 10–50m per year) (Sect. 5.3.5). Although these temporal and spatial
disparities are not ideal for comparisons (due to potential surface movement of studied
lithology over time or in situ point to 60m2 spatial diﬀerences), a ﬁrst-order assessment
of lithologic characteristics and mapping is worthwhile, especially in this region with the25
thick debris cover and relatively low velocities. The ASTER spectral signature shape
and absorption features match relatively well with the in situ spectral signatures, for
example, shown in ice and debris comparisons (Figs. 4 and 6, respectively).
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In the following sections, the results of further VNIR-TIR methods for supraglacial
debris characterization are presented, including: hyperspectral satellite reﬂectance,
shortwave and thermal false color composites, mineralogic mapping, land surface tem-
perature, and glacier velocity.
5.3.1 Hyperspectral remote sensing5
Hyperion VNIR-SWIR hyperspectral satellite data is evaluated on Khumbu Himalayan
debris covered glaciers. Although Hyperion coverage of in situ measurement sites
does not exist at the time of publication, Hyperion imaging of nearby Lhotse Shar and
Imja glaciers from 13 May 2002, and nearby Gyubanare and Khangri Nup glaciers (as
well as approximately 100m of the very terminus of Ngozumpa glacier) from 4 October10
2010 were analyzed for general supraglacial debris characteristics. Hyperion Level 1
GST terrain-corrected data was converted from digital number to at-sensor radiance
to planetary reﬂectance (Eq. 1). Hyperion planetary reﬂectance spectral signatures of
Imja and Lhotse Shar supraglacial debris and ice are shown in (Fig. 8) along with an
ALI true color 10m pan enhanced image composite from 4 October 2010. The spectral15
planetary reﬂectance graph shows distinctions between the two supraglacial debris
types; qualitative transition metal, hydroxyl and carbonate absorption area diﬀerences
are demonstrated at 0.4–0.8, 2.1, and 2.1–2.3 μm, respectively. Ice, snow, and general
mineral class qualitative diﬀerentiation was also achieved on Gyubanare and Khangri
Nup glaciers in the 4 October 2010 Hyperion scene.20
Quantitative VNIR-SWIR mineral diﬀerentiation via Hyperion requires atmospheric
correction as seen in the Lhotse Shar ice planetary reﬂectance spectral signature
with prominent atmospheric eﬀects (Fig. 8). Another limitation to Hyperion data use
is relatively low signal-to-noise ratios of approximately 50:1, compared with 500:1 for
airborne hyperspectral imaging (Pearlman et al., 2003; Kruse et al., 2003). Several25
commercially available atmospheric and spectral correction software programs include,
but are not limited to Atmospheric and Topographic Correction (ATCOR), ATmosphere
REMoval algorithm (ATREM), and MODTRAN4 radiative transfer based Atmosphere
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CORrection Now (ACORN) and Fast Line-of-sight Atmospheric Analysis of Spectral
Hypercubes (FLAASH) and are described in Gao et al. (2009). Hyperion-speciﬁc at-
mospheric correction approaches remain in discussion (e.g. Dadon et al., 2010; Wang
et al., 2010). Unfortunately, commercial atmospheric correction software was not avail-
able to the authors, and simpliﬁed atmospheric correction methods – such as dark5
object subtraction – rescale entire band arrays, potentially masking valuable spectral
information (Ka¨a¨b, 2005; Ninomiya et al., 2005). Thus, Hyperion planetary reﬂectance
supraglacial debris evaluation is qualitative in this study.
Without atmospheric correction, a few other methods in addition to qualitative re-
ﬂectance can be used to analyze Hyperion data. For example, true and false color10
composites as well as at-sensor radiance indices can be utilized and are discussed
below in Sects. 5.3.2 and 5.3.3, respectively. As a technological demonstration, Hype-
rion VNIR-SWIR spectral analysis of mineralogy and lithology proves promising (e.g.
Griﬃn et al., 2005; Gleeson et al., 2010). Theoretically, Hyperion data used in conjunc-
tion with commercial spectral and atmospheric correction software could be successful15
in discriminating small-scale wavelength and absorption depth-dependent characteris-
tics of supraglacial debris (e.g. using continuum removal techniques (Clark and Lucey,
1984) to determine debris components and concentrations).
5.3.2 Shortwave and thermal false color composites
As suggested in the above hyperspectral remote sensing section, false color image20
composites highlight components not evident in true color images (e.g., Fig. 3). In
addition to the VNIR-SWIR spectral resolution provided by ALI and Hyperion sensors,
Landsat and ASTER oﬀer thermal spectral bands (Fig. 1) that can be used to identify
and classify glacier debris cover (Ka¨a¨b, 2005). Landsat ETM+ thermal band 6 (11 μm)
allows for spectral emission analysis of carbonate and silicate content in supraglacial25
debris, and Landsat ETM+ SWIR bands 5 and 7 (1.65 and 2.2 μm, respectively) in-
dicate hydroxyl content, common to clays and hydrated silicates (see Appendix A for
spectral features). Figure 9 displays a Landsat ETM+ SWIR band 5, 7 and TIR band
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6 false color (red, green, blue – RGB) image composite from 24 January 2003 of
Ngozumpa and Khumbu ﬁeld study sites as well as regional glaciers. Supraglacial
debris composition variability is displayed by the coloring – yellow indicates silica-rich
granites, while blue highlights carbonate-rich gneiss. For example, the Khumbu glacier
longitudinal schistic supraglacial debris band starting from the icefall down the center5
of the glacier reported by Fushimi et al. (1980) can be visualized in blue in the Fig. 9
false color composite, with lateral granite debris bands visualized in yellow. Similar
carbonate-rich vs. silica-rich longitudinal supraglacial debris bands are visible on up-
per Ngozumpa glacier.
False color SWIR/TIR composites quickly visualize supraglacial mineral variability.10
Although similar total SiO2 content was found at all six Ngozumpa and Khumbu in
situ samples sites (Appendix B and Table 3), the more uniform spatial distribution
of silicates on Ngozumpa glacier can be easily diﬀerentiated from the more distinct
silicate-rich vs. carbonate-rich mineral classes found on the Khumbu glacier using the
SWIR/TIR false color composite technique. Further, false color composites can pro-15
vide an indication of mass ﬂux. In Fig. 9, a suggestion of limited mass ﬂux transferred
to at glacier conﬂuences can be seen at the Khangri Shar, Khangri Nup and Khumbu
glacier conﬂuence as well as the Gyubanare, Ngozumpa glacier conﬂuence by the
distinct shifts in supraglacial mineralogy.
5.3.3 Mineralogic mapping20
The rich SWIR and TIR spectral resolution provided by ASTER allow for qualitative
and quantitative approaches to mapping surface mineralogy. Three such approaches
are presented in this section. First, SWIR and TIR based mineralogic indices are
evaluated using ASTER at-sensor radiance data. Second, TIR emissivity silica weight
percent mapping is presented. Third, the Spectral Angle Mapper (SAM) algorithm25
after Kruse et al. (1993), is discussed for semi-automated identiﬁcation of supraglacial
components. The three types of mineral mapping provide diﬀerent advantages and
limitations in characterizing supraglacial lithology. Of the methods, SAM is unique in the
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potential to use discrete bands from the full VNIR-TIR spectrum, while TIR emissivity
silica weight percent and mineral indices oﬀer more quantitative estimates of speciﬁc
mineral abundances.
SWIR Indices
SWIR mineral indices use wavelength dependant spectral absorption features to esti-5
mate mineral abundance. Several mineral indices are available and were evaluated
(e.g. Vincent and Thomson, 1972; Ninomiya, 2003, 2004; Ninomiya et al., 2005).
Based on the dominant minerals in the Khumbu Himalaya study area, the layered
silicate index (LS) (Eq. 2) and calcite index (CA) (Eq. 3) after Ninomiya (2003) are
presented in this study.10
LS=
(AST4×AST8)
(AST5×AST6) (2)
CA=
(AST6×AST9)
(AST82)
(3)
Where ASTn corresponds to ASTER spectral band number n.
The LS and CA SWIR indices target bands that measure hydroxyl (2.2 μm) and car-
bonate (2.35 μm) absorption features, respectively (See Appendix A). At-sensor radi-15
ance band ratios reduce atmospheric and topographic inﬂuences (including illumination
variability) (Abrams et al., 1983; Mather, 1987; Ka¨a¨b, 2005), highlight information not
evident in single band or three-band true or false color composite images, and provide
a quantitative estimate of mineral abundances. Layered silicate mineral abundance at
Ngozumpa and Khumbu glaciers calculated from (Eq. 2), ASTER L1B at-sensor radi-20
ance data from 29 November 2005 is shown in Fig. 10. SWIR mineral index values
can be further applied as thresholds in algorithms or in creation of thematic mineral
abundance maps. For the scope of this study a grayscale image with darker shades
indicating lower amounts of silicates and brighter shades indicate higher amounts of
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silicates is presented. This grayscale silicate index map can also be used to quickly
visualize kinematic ﬂow, similar to that reported in Sect. 5.3.2. However, in addition
to visualization, the SWIR LS and CA indices oﬀer quantiﬁable mineral-speciﬁc abun-
dances.
TIR Indices5
Thermal at-sensor radiance indices after Ninomiya et al. (2005), oﬀer the ﬁrst strictly
thermal spectrum based technique presented in this study. The thermal portion of the
spectrum is described as the most important region of the spectrum for diﬀerentiating
geology of terrestrial materials (Gupta, 2003). However, satellite spatial resolution in
the thermal bands is considerably lower than VNIR or SWIR (e.g. in ASTER VNIR 15m,10
SWIR 30m, TIR 90m spatial resolution). Nevertheless, TIR indices are utilized to study
the abundance of the following minerals (and mineral groups) in the study region glacier
debris cover: quartz, silicate, and carbonate. Rocks containing these mineral groups
express characteristic emission features in the thermal infrared (see also Appendix A).
TIR based band ratios to estimate carbonate, quartz and silica containing lithology are15
presented in Eqs. (4–6) (Ninomiya et al., 2005).
CI=
(AST13)
(AST14)
(4)
QI=
(AST112)
(AST10×AST12) (5)
MI=
(AST12×AST143)
(AST134)
(6)
Where ASTn corresponds to ASTER spectral band number n.20
The carbonate index (CI) is utilized to detect the primary carbonate minerals calcite
and dolomite – with high values of CI indicating presence of these minerals (absorp-
tion features at 11.4 μm for calcite, 11.2 μm for dolomite). Further, pure carbonate will
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provide a high CI value in conjunction with and low QI and MI values. The quartz index
(QI) not only is indicative of quartz, but also low QI values signal potassium feldspar
and gypsum. The maﬁc index (MI) correlates with silicate content, and is also sensitive
to carbonate content in rocks. A simple silicate index ratio of band 12 to band 13 can
be used – but for the diﬀerentiation from carbonates, Eq. (6) is used. A MI value greater5
than 0.90 corresponds to maﬁc rocks, while a MI value greater than 0.92 corresponds
to ultramaﬁc rocks (Ninomiya et al., 2005). To note, Ninomiya et al. (2005) concluded
the stability of TIR mineral indices irrespective of surface temperature, elevation and
atmospheric condition.
TIR emissivity to map silica abundance10
Another technique to extract the dense geologic information available in the thermal
bands is emissivity derived silica abundance mapping. Satellite emissivity weight per-
cent of silica (SiO2) after (Hook et al., 1992; Miyatake, 2000; Watanabe and Mat-
suo, 2003) is evaluated on Khumbu Himalaya supraglacial debris. Equation (7) (after
Watanabe and Matsuo, 2003) displays the SiO2 weight percent from emissivity values15
of ASTER TIR bands 10, 11, 12, and 13.
SiO2=56.20−271.09× log
[
(ASTe10+ASTe11+ASTe12)
(3×ASTe13)
]
(7)
Where ASTen corresponds to ASTER AST 05 surface emissivity product band num-
ber n.
Using the ASTER Surface Emissivity AST 05 product, silica weight percent abun-20
dance was derived for the Khumbu Himalaya region glaciers (Fig. 11). The ASTER
derived silica weight percent estimates were compared with in situ XRF determined
SiO2 weight percent, with general agreement in consideration of the spatial resolution
variation from in situ to 90m2 (ASTER TIR resolution) as well as the temporal resolution
discrepancy of approximately 6 years (Table 3). Speciﬁcally, the diﬀerence between the25
XRF derived silica weight percent and TIR emissivity calculated silica weight percent
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of the Ngozumpa and Khumbu glacier ﬁeld measurement sites ranged from a 4.0 to
15.1 percent diﬀerence. This technique has been found to allow quantitative estimates
of silica content from daytime TIR acquisitions (Hook et al., 2005). Further, mapping of
silica content in supraglacial debris covered glacier areas may potentially provide a ﬁrst
order look at glacial activity, sediment transport, weathering processes, glacial erosion5
or areas prone to diﬀerential melt based on diﬀering supraglacial debris composition.
Further, in the Khumbu Himalaya test region, the silica percent thematic map outlined
debris covered ice extent.
Spectral angle mapper
Finally, the spectral angle mapper (SAM) algorithm provides a powerful means to clas-10
sify surface materials. The SAM classiﬁcation algorithm evaluates general shape and
angles user input spectral data to assign thematic mineral and non-mineral classes
(Kruse et al., 1993). SAM is suggested by Dematte et al. (2004) and Chen et al. (2007)
as the optimal method for classifying surface lithology due to the integration of VNIR,
SWIR and TIR data for spectral signature identiﬁcation. Chen et al. (2007), found SAM15
to particularly outperform other minimum-distance classiﬁcation and spectral feature
ﬁtting when analyzing silicates, carbonates and other minerals expressing TIR absorp-
tion over arid terrain. SAM was evaluated in this study (using ASTER L1B data) and
preliminary SAM analysis on Khumbu glacier provided successful ﬁrst-order diﬀerenti-
ation of bare ice, snow, silica, calcite, and vegetation land cover. In comparison to the20
previously mentioned lithologic mapping methods, an advantage of SAM is the ability to
map not only mineralogy, but also other land cover types, including snow, ice, and veg-
etation within the same classiﬁcation and without requiring a full hyperspectral data set.
Further, sensitivity to illumination and albedo data acquisition eﬀects are addressed by
the SAM algorithm design.25
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5.3.4 Land surface temperature
Another thermal spectral band based glacier surface mapping technique is calculation
of land surface temperature (LST) on glaciers. Thermal band derived LST was eval-
uated from the ASTER AST 08 Land Surface Temperature product, as well as from
calculated Landsat the ETM+ and TM thermal band (after Barsi et al., 2005; explained5
in Hall et al., 2008) over Ngozumpa and Khumbu glaciers. Due to the nearly temporal
coincidence of Landsat TM (31 October 2009) and in situ LST measurements (Novem-
ber, December 2009), Landsat TM data was utilized for satellite derived glacier debris
cover LST analysis. Figure 12 shows Landsat TM calculated LST on Khumbu glacier,
and Fig. 13 for Ngozumpa glacier. A longitudinal LST transect from the Khumbu icefall10
approximately 2 km down glacier displays a 15 ◦C increase in temperature. A similar
Khumbu glacier LST trend is reported in Nakawo et al. (1999), and in Hall et al. (1987)
using Landsat TM calculated LST.
In situ glacier surface temperatures measured in November and December 2009
ﬁeld work sites were compared with the Landsat TM 31 October 2009 derived surface15
temperatures. In situ temperatures measured of snow, ice, and debris were averaged
at each of the three Ngozumpa and three Khumbu glacier measurement locations.
For example, in situ temperatures of 0.4 ◦C for upper Khumbu, 2.4 ◦C for mid-Khumbu,
and 6.7 ◦C for lower Khumbu sample sites relate to Landsat TM 120m pixel resolution
LST’s of −3.2, 4.8, 3.4 ◦C, respectively. In consideration of the spatial and temporal20
resolution disparities (satellite acquisition time 10 a.m. with some areas in shadows
vs. in situ measurement disparity 2 h about solar noon, also point to 120m2 spatial
disparity), general agreement was found between temperature measurements.
Used in conjunction with LST, other optical remote sensing supraglacial character-
ization methods may improve input toward glaciologic energy balance models. For25
example, LST and debris composition, could be analyzed to estimate diﬀerential solar
absorption and subsequent impacts to ice melt rates (e.g.: Ngozumpa glacier mea-
sured gneiss surface temperature 24.1 ◦C vs. granitic debris 11.0 ◦C, and as shown in
calcite index (Eq. 3), LST across Ngozumpa glacier transect Fig. 13).
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5.3.5 Glacier velocity, streamlines
Repeat optical Landsat images were used to derive glacier velocities at Ngozumpa and
Khumbu glaciers. Speciﬁcally, normalized cross-correlation between Landsat ETM+
orthorectiﬁed 15m pan data from 30 October 2000 and 4 October 2002 was used
to derive a velocity displacement ﬁeld. Velocity measurement errors were detected5
and ﬁltered using a threshold on the correlation coeﬃcient. Some remaining spurious
vectors were removed manually. To ensure that the glacier surface velocities did not
change signiﬁcantly between 2000–2002 and the time of our in situ sampling, displace-
ments were also derived from 30m spatial resolution near-infrared band Landsat TM
data from 5 November 2005 and 31 October 2009. No signiﬁcant temporal changes10
were found. Optical feature tracking based velocity of both the Ngozumpa and Khumbu
glaciers is estimated at 60m/yr in the upper ablation zones to less than 5m/yr in the
lower ablation zones with errors estimated to be approximately 8–15m for the ETM+
pan derived displacements (0.5–1 pixel; i.e. 4–7m/yr) (Fig. 14). Glacier velocity rates
estimated in this study are comparable to Khumbu Himalayan glacier velocity rates de-15
rived from synthetic aperture radar (SAR) feature tracking (Luckman et al., 2007; Ham-
brey et al., 2008; Quincey et al., 2009) as well as optical imagery (SPOT – Seko et al.,
1998; Ikonos and ASTER – Bolch et al., 2008b; and COSI-Corr (Co-registration of Op-
tically Sensed Images and Correlation, from Leprince et al., 2007) derived ASTER –
Scherler et al., 2008). (Note, Quincey et al. (2009) derived Ngozumpa glacier velocity,20
while all other listed references refer to Khumbu glacier velocity studies.)
Further, theoretical supraglacial particulate streamlines on Ngozumpa and Khumbu
glaciers were calculated and indicate time scales of 380 and 450 years, respectively
(Fig. 14). Streamline interpolation stops at locations on glacier when velocities de-
crease below the margin of error – around 4m/yr. Thus, 380 year Ngozumpa and25
450 year Khumbu glacier streamline estimations represent minimum glacier ablation
area ages. The Khumbu glacier streamline estimate from this study corresponds well
with the Fushimi (1978) in situ, structural-derived estimate of Khumbu glacier ice at
410± 110 years.
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The glacier ablation area velocity rates, directional ﬂow vectors, as well as streamline
estimations provide a “time scale” of the glacier ablation zone. Use of optical satellite
remote sensing velocity and streamline approximations provide a powerful tool to use in
conjunction with the previously discussed lithologic mapping techniques. For example,
streamline dating could be utilized to give a crude, ﬁrst-order approximation of “debris5
age” by supraglacial debris type. First-order streamlines, used with robust glaciologic
sediment dating studies, such as Benn and Owen (2002); Owen et al. (2009), could
roughly estimate glacier sediments dates of regional glaciers lacking ﬁeld studies.
Velocity vectors indicate debris transport paths which can be compared to debris
source and glacial transport paths observed from multi- and hyperspectral derived10
lithologic diﬀerences. Diﬀerence between current velocity ﬁelds and cumulative trans-
port paths derived from lithology suggests a change of glacial mass movement over
time, for example, represented by surges and looped moraines. Further, velocities and
streamlines together with supraglacial lithologic information can improve estimations of
expected weathering and diagenesis of debris.15
6 Synthesis
From the several methods explored in this study, some of the most signiﬁcant syner-
gistic applications include, spectral based supraglacial component identiﬁcation, de-
scription of mass ﬂux, indication toward weathering and activity, estimation of thermal
parameters, as well as mapping of debris covered ice extent.20
Use of in situ VNIR-SWIR spectral signatures allow for identiﬁcation of supraglacial
components, for example of Khumbu snow and ice types (Fig. 5) or Ngozumpa
supraglacial debris variability and moisture content (Figs. 6 and 7). Supraglacial min-
eral compositions can be used to indicate sources of lithology and subsequent diage-
nesis. Satellite spectral reﬂectance – Hyperion and ALI with 196 and 9 VNIR to SWIR25
spectral bands, respectively, and ASTER and Landsat with 14 and 7 VNIR to TIR
spectral bands, respectively – provide potential to identify supraglacial components
by spectral signatures (e.g., Hyperion qualitative planetary reﬂectance Sect. 5.3.1,
526
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Fig. 8, SAM algorithm Sect. 5.3.3). Diﬀerentiation of glacier debris can allow for anal-
ysis of glacier debris sources and multidimensional debris transport paths (Figs. 9
and 10). Further, mineral indices and emissivity can also be used for identiﬁcation or
relative abundances of minerals in supraglacial debris, such as calcite abundance on
Ngozumpa glacier (Eq. 3, Fig. 13) or Khumbu Himalaya regional silicate supraglacial5
abundance (Figs. 10 and 11). Synergistic inspection of supraglacial debris variabil-
ity can bridge the gap in detecting debris sources and using identiﬁed components to
describe glaciologic parameters such as supra- or englacial glacial transport routes.
A second important combined application of the optical remote sensing methods is
in describing glacier mass ﬂux. False color composites visually allow for speculation10
of mass ﬂux; in conjunction with repeat imagery velocity and supraglacial particulate
ﬂow estimations, a more quantitative estimate of mass transport can be made. For
example, Fig. 9 visually indicates limited to negligible transport of mass from Khangri
Shar and Khangri Nup glaciers at the convergence with Khumbu glacier by the distinct
visual supraglacial debris types. Repeat optical image matching velocity and stream-15
lines (Fig. 14) further give low velocities and ﬂow from Khangri Shar and Khangri Nup
glaciers into the Khumbu glacier. This limited mass ﬂux can also be seen in such a false
color composite, velocity comparison at Gyubanare glacier conﬂuence with Ngozumpa
glacier (Figs. 9 and 14). Streamlines provide a ﬁrst-order assessment of supraglacial
movement (Sect. 5.3.5). Further, input of material to glacier surfaces, such as from20
a rock avalanche of distinct lithology, can be detected and characterized with false color
composites. This supraglacial mass ﬂux analysis is describes not only present day, but
also years and decades past due to the debris patterns archived in the supraglacial
debris.
Description of supraglacial activity and weathering processes is a third important25
synergistic application of the optical remote sensing debris characterization methods.
Emissivity percent silica mapping may provide information on glacier activity rates and
diagenesis (Fig. 11). In the Khumbu Himalaya test region, a silica percent thematic
map provided indication of debris covered ice extent, and compared with repeat image
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velocity estimations, areas of higher velocities had correspondingly high silica compo-
sition. Supraglacial activity can also be indicated by the SWIR and TIR mineral indices
– Fig. 10 suggests glacier kinematic pulses have occurred on the upper Ngozumpa
glacier. Furthermore, the type of the material can be pinpointed by hyperspectral re-
ﬂectance signature data – potentially conﬁrming pre-weathered (or higher silica con-5
tent) supraglacial debris material, for example in the upper ablation zone, and more
heavily weathered (lower silica content) supraglacial debris in the lower ablation zone.
A fourth area of importance to glaciologic remote sensing is describing thermal
supraglacial characteristics. Surface temperature can be calculated from sensors
which acquire thermal data. In this study Landsat and ASTER surface temperature10
data was evaluated at Khumbu and Ngozumpa glaciers (Figs. 12 and 13). Glacier sur-
face temperature was found to vary depending on the amount of debris cover as well
as the composition of the debris and position on glacier. Temperature in conjunction
with debris moisture content estimates (Fig. 7), hyperspectral mineral diﬀerentiation
(Fig. 8), and/or mineral abundances (Fig. 10), more accurately describes surface pa-15
rameters and could be crucial to reducing errors in satellite derived ablation rates and
processes. Even further synergy of thermal and velocity data could be used to in-
vestigate climate interaction with debris covered ice, and to assess stagnation of ﬂow
toward the glacier terminus, the formation of supraglacial meltwater and subsequent
glacial disintegration. Such glacier debris pattern analysis could reveal low magnitude,20
high repeat frequency mass events vs. episodic pattern high magnitude event, low fre-
quency mass events. Spectral reﬂectance of debris covered ice can provide insight
toward diﬀerential surface radiative absorption.
Finally, mapping of debris covered ice remains a challenge for optical remote sens-
ing. Combination of methods presented in this study, for example the silica thematic25
mapping (Fig. 11), false color SWIR/TIR composites (Fig. 9), surface temperature
(Figs. 12 and 13), and velocity (Fig. 14) methods all provide estimations of debris cov-
ered ice extent. Use of these techniques over debris covered ice area may be useful
in improving debris covered glacier mapping.
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7 Conclusions
Debris often covers a moderate to signiﬁcant portion of glacier ablation areas. We
estimate debris to cover approximately 15% of Hindu Kush Himalaya glaciers, relating
to 8000 km2 of debris covered ice. The presence and extent of supraglacial debris
impacts radiative and surface processes of glaciers, and characterization of this debris5
can be used to indicate sources, paths and magnitudes of glacial transport as well as
energy balance related glaciologic variables.
This study identiﬁed signiﬁcant variability in the debris cover in the Khumbu Hi-
malayan region glaciers. In situ hyperspectral imaging and XRD/XRF geochemical
analysis was used to identify minerals, mineral mixtures, and moisture content of10
Ngozumpa and Khumbu glacier debris. Satellite planetary reﬂectance hyperspectral
imaging was used to qualitatively diﬀerentiate surface components on Imja, Lhotse
Shar, Gyubanare and Khangri Nup glaciers. We mapped supraglacial debris silica and
calcite mineral abundances quantitatively with SWIR and TIR mineral indices, and sil-
ica weight percent quantitatively with TIR emissivity mapping across Khumbu Himalaya15
regional glaciers. Qualitatively, supraglacial mineral variability of Khumbu Himalayan
glacier debris was mapped with false color SWIR/TIR image composites and diﬀer-
entiated silica-rich granite debris from carbonate-rich gneiss debris. Using false color
image composites, mineral indices and repeat image derived velocity data, reduced
glacial conﬂuence mass ﬂux of Gyubanare into Ngozumpa and Khangri Nup to Khumbu20
was determined. Similarly, the SWIR silica mineral index highlighted distinct kinematic
pulses on the upper Ngozumpa glacier. Supraglacial temperatures were compared with
calcite supraglacial debris abundance across Ngozumpa glacier and increased calcite
supraglacial composition was found to correlate with increased supraglacial tempera-
tures.25
Synergistic application of the optical remote sensing supraglacial characterization
methods presented are relevant to debris covered glaciers on a global scale in im-
proving glaciologic interpretations of thermal, mass ﬂux and debris covered ice extent.
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Tuning the methods to the lithology of the region, debris covered glacier extent map-
ping may be delineated with combined use of false color composites, silica thematic
mapping or region-speciﬁc mineral abundances, velocity ﬁelds and supraglacial tem-
perature. Key methods applicable to thermal parameters include debris moisture esti-
mations and use of mineral abundances to investigate supraglacial temperature vari-5
ability. Kinematic processes are highlighted by combination of false color composites
and mineral indices with velocity displacement ﬁelds and streamlines. Further, tech-
niques can even be used to bridge the gap between ﬁeld measurements and satellite
based glacier estimations (e.g. with regard to improving glacier melt modeling).
Crucial to application of these methods in debris covered glacier monitoring is satel-10
lite sensor longevity and future sensors availability. As previously noted, some satellite
instruments used in this study are no longer functioning optimally (Landsat ETM+ SLC
gaps post 2003, ASTER SWIR failure post 2008). Landsat TM (and ETM+ gap-ﬁlled),
ASTER VNIR and TIR as well as EO-1 ALI and Hyperion sensors oﬀer current freely
available spectral data sources. Forthcoming NASA optical satellite remote sensing15
missions include the National Polar-orbiting Operational Environmental Satellite Sys-
tem Preparatory Project (NPP) and National Polar-orbiting Operational Environmental
Satellite System (NPOESS). ESA’s Sentinel satellites with optical sensors aimed at col-
lecting 10m spatial resolution and 5day temporal resolution prove extremely promising
for glacier studies. Airborne hyperspectral sensors may be important tools to utilize20
during spaceborne instrumentation gaps.
High spectral and spatial resolution optical remote sensing is paramount for glacier
monitoring. The wealth of current spectral satellite data has the potential to be used
more broadly in supraglacial debris variability assessment. Improved satellite glacier
debris cover characterization will lead to reduction of uncertainties in glacier extent25
mapping, glaciologic thermal parameters as well as glacial kinematic history and ﬂow
estimations, ultimately potentially advancing our understanding of debris covered ice
ablation and mass loss.
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Table 1. Summary of in situ sample attributes. Corresponding sample numbers given in the
ﬁnal column refer to samples listed in Tables 3 and 1. The locations of the ﬁeld measurement
sites are mapped in the true color (Fig. 3) and in false color (Fig. 9) maps of the region.
Location Date Latitude / Longitude Elevation (m a.s.l.) Spectral signature class,
(corresponding sample ID)
Upper Ngozumpa (UN) 27 Nov 2009 27.9568◦ N 86.6980◦ E 4760 snow, rock, gravel, sand,
mud (1N–6N)
Mid-Ngozumpa (MN) 29 Nov 2009 27.9537◦ N 86.6992◦ E 4748 ice, snow, rock, gravel (7N, 8N)
Lower Ngozumpa (LN) 26 Nov 2009 27.9511◦ N 86.7020◦ E 4789 snow, boulders, gravel, soil
Upper Khumbu (UK) 6 Dec 2009 27.9998◦ N 86.8511◦ E 5284 ice, snow, gravel (19K–22K)
Mid-Khumbu (MK) 5 Dec 2009 27.9874◦ N 86.8405◦ E 5180 ice, snow, rock, sand (14K–18K)
Lower Khumbu (LK) 4 Dec 2009 27.9763◦ N 86.8304◦ E 5100 ice, snow, mud, rock (9K,10K)
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Table 2. A listing of the satellite products and scene dates used for the optical remote sensing
methods evaluated in this study.
Comparison method Sensor, data product Date(s) of scene(s), further details
Satellite derived reﬂectance
multispectral ASTER, AST 07XT 29 Nov 2005
hyperspectral Hyperion, L1T 13 May 2002, 4 Oct 2010
True and false color composites ALI, L1T 4 Oct 2010, 10m pan enhanced true color
ASTER, L1B 29 Nov 2005, SWIR/TIR false color
Landsat TM, L1T 31 Oct 2009, true color
Landsat ETM+, L1G 24 Jan 2003, SWIR/TIR false color
Hyperion, L1T 13 May 2002, true color, SWIR false color
Mineralogic mapping:
SWIR/TIR indices ASTER, L1B 29 Nov 2005
SiO2 weight percent ASTER, AST 05 29 Nov 2005
Spectral Angle Mapper ASTER, L1B, AST 07XT 29 Nov 2005
Land surface temperature Landsat TM, L1T 31 Oct 2009
ASTER, AST 08 29 Nov 2005
Glacier velocity, streamlines Landsat TM, L1T 5 Nov 2005, 31 Oct 2009, 30m near infrared
Landsat ETM+, L1G 30 Oct 2000, 4 Oct 2002, 15m pan
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Table 3. In situ and satellite comparison of mineralogy and silica abundance at Ngozumpa
and Khumbu glacier sample locations. XRD-derived minerals are listed in order of greatest
abundance per sample. XRF SiO2 weight percent and ASTER TIR estimated Eq. (7) SiO2
composition are also listed. ASTER TIR SiO2 weight percent is averaged from the nearest two
90m pixels to the in situ sample site. In situ geochemical results compare generally well with
the satellite derived estimates.
Sample ID Debris XRD determined mineral classes in order XRF derived ASTER TIR
type of abundance SiO2 estimated SiO2
1N mud quartz, feldspar, mica, K-feldspar, calcite 66.3 72.8
2N mud quartz, feldspar, mica, K-feldspar, calcite 66.4
3N sand mica, quartz, feldspar, K-feldspar, calcite 62.7
4N sand quartz, mica, feldspar, K-feldspar, calcite 65.1
5N gravel feldspar, quartz, K-feldspar, mica, calcite 71.9
6N gravel mica, feldspar, quartz, microcline, clinochlore 62.5
7N rock feldspar, feldspar, calcite, quartz, K-feldspar 37.2 70.7
8N rock calcite, wollastonite 6.6
9K mud mica, feldspar, quartz, microcline, clinochlore 61.4 77.9
10K mud mica, feldspar, quartz, K-feldspar, nimite 62.0
11K rock phlogopite, feldspar, anorthite, quartz, nimite 63.8
12K rock feldspar, mica, phlogopite, quartz, clinochlore 54.1
13K rock calcite, feldspar, quartz 7.1
14K sand quartz, feldspar, microcline, mica, mica 71.5 78.7
15K sand feldspar, quartz, K-feldspar, mica 71.7
16K soil feldspar, feldspar, quartz, K-feldspar, mica, illite 71.1
17K soil feldspar, quartz, mica, K-feldspar 68.1
18K soil mica, quartz, feldspar, K-feldspar, nimite 69.2
19K gravel mica, quartz, feldspar, clinochlore, K-feldspar 63.1 58.6
20K gravel mica, quartz, feldspar, ankerite, nimite 61.0
21K sand phlogopite, quartz, feldspar, microcline, clinochlore 63.5
22K sand mica, feldspar, quartz, microcline, calcite, nimite 62.8
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Table A1. Characteristic absorption feature values after Hunt (1977); Clark (1999); Gupta
(2003) unless otherwise noted.
Wavelength Component Absorption feature (μm)
VNIR Mg3+ 1.0
Cr3+ 0.4, 0.55, 0.7
Mn2+ 0.34, 0.37, 0.41, 0.45, 0.55 (McClure, 1959)
Fe3+, Fe2+ 0.44, 0.87, 0.95
Ni2+ 0.4, 0.74, 1.25 (McClure, 1957)
Cu2+ 0.8
Rare Earth Ions, La2+ 0.5, 0.58
Atmospheric O2, Atmospheric H2O 0.76, 0.94
Water, Snow, Ice 0.98, 0.90, 1.03
Algal snow 0.55, 0.68 (Painter et al., 2001)
SWIR Carbonates 1.9, 2.35, 2.55
Hydroxides, (Al-OH, Mg-OH) 2.7, overtone at 1.44, (2.2, 2.3)
Water vapor 1.4, 1.7
Snow 1.03, 1.25, 1.50
TIR Chlorites 7.0
Silicates 8.5–12.0 (e.g.: 8.7, 9.7 microcline; 9.2, 10.2 wollastonite;
10.0 hornblende) (Christensen et al., 2000)
Carbonates 11.3 (11.4 calcite, 11.2 dolomite)
Sulfates 9.0, 16.0
Phosphates 9.25, 13.3
Hydroxides 11.0
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Table B1. In situ collected samples X-ray ﬂuorescence (XRF) determined major oxide percent
weights and part per million concentrations of trace elements. The locations and types of
samples gathered are listed in Table 1, and mapped in Figs. 3 and 9. (XRF measurement
accuracy is 98%. Basalt (BE-N, JB-1a, JB-2), diorite (DR-N) and disthene (DT-N) standards
(after Govindaraju, 1994)) were utilized for XRF quality control. Over 100 total standards were
used for XRF calibration.
Sample ID SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O V Co Zn Pb Zr Th U
1N 66.26 14.79 4.58 1.69 2.34 2.99 4.12 56 15 90 42 194 21 10
2N 66.38 14.69 4.85 1.70 2.34 2.96 4.10 56 17 92 42 188 19 11
3N 62.73 14.89 4.79 1.86 2.27 2.74 4.23 54 13 96 43 204 21 11
4N 65.09 13.10 3.42 1.28 2.29 2.94 3.77 37 10 69 40 174 18 7
5N 71.88 13.00 1.16 0.10 2.09 4.24 3.79 1 4 30 50 51 5 14
6N 62.45 14.34 6.42 2.55 2.19 2.29 4.60 79 19 84 27 309 26 6
7N 43.41 8.75 0.83 0.37 23.26 2.91 1.03 14 2 15 38 109 9 13
8N 10.21 1.90 1.80 0.83 48.61 0.01 0.23 19 4 34 13 90 5 10
9K 61.41 17.26 5.39 2.12 1.98 2.32 4.85 73 14 103 38 218 20 15
10K 61.96 17.80 5.79 2.25 1.89 2.33 4.98 82 18 107 37 233 22 17
11K 63.78 13.76 6.38 2.73 2.57 2.79 3.02 76 19 96 37 235 22 4
12K 54.08 18.94 7.42 3.00 5.40 3.33 2.83 130 18 108 30 450 38 9
13K 7.34 1.12 0.54 0.49 49.3 0.46 0.11 8 0 16 391 94 – 13
14K 71.52 12.28 2.63 0.57 2.86 3.73 2.85 23 5 179 40 151 10 12
15K 71.69 13.55 1.22 0.14 0.71 4.14 4.53 5 2 39 51 62 7 15
16K 71.08 13.32 1.41 0.22 0.86 3.69 4.62 8 1 27 55 83 10 8
17K 68.14 13.49 2.95 0.91 1.54 3.24 4.13 31 8 50 40 145 14 9
18K 69.21 11.78 5.35 2.18 2.75 1.90 3.30 72 14 71 24 501 28 7
19K 63.14 14.82 6.14 2.64 2.96 2.05 3.78 79 17 98 26 251 21 6
20K 61.01 14.24 6.24 2.73 3.47 1.96 3.48 78 17 95 30 289 22 7
21K 63.50 14.62 5.14 2.24 2.59 2.24 4.24 64 16 84 32 202 17 7
22K 62.82 14.59 5.39 2.36 2.57 2.19 4.18 71 17 82 33 209 18 8
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Fig. 1. Spectral coverage of Hyperion, ASTER and Landsat ETM+ sensors with regard to
atmospheric transmission in the visible to thermal infrared wavelength range (Adapted after
Ka¨a¨b, 2005).
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Fig. 2. Overview map of study region, with the Khumbu Himalaya, Nepal area highlighted by
the yellow box. (Background image courtesy of MODIS based NASA Earth Observatory Blue
Marble.)
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Fig. 3. Landsat TM true color composite (31 October 2009, Bands 3, 2, 1) of the Khumbu
Himalaya study area. Ngozumpa glacier (left) and Khumbu glacier (right) in situ measure-
ment locations are labeled as follows: Upper Ngozumpa – UN, Mid-Ngozumpa – MN, Lower
Ngozumpa – LN, Upper Khumbu – UK, Mid-Khumbu – MK, Lower Khumbu – LK. The approx-
imate area of comparison mapped in (Figs. 9, 11 and 14) is highlighted by the gray box. The
approximate area presented in the Hyperion Imja and Lhotse Shar glacier analysis is high-
lighted with a yellow box in the lower right hand corner.
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Fig. 4. Field spectra of Ngozumpa glacier fresh snow (red) and Khumbu glacier bare ice (cyan)
measurements as compared to reference snow and ice spectral signatures by Qunzhu et al.
(1985), ASTER derived surface reﬂectance values for the Khumbu glacier bare ice are over
plotted in black circles. (Qunzhu et al. (1985) graph reprinted with permission from IAHS.)
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Fig. 5. Khumbu glacier clean snow, ﬁne particulate covered snow, gravel on snow, mixed pixel
half snow, half ice and bare ice spectra are plotted that were acquired in the ice pinnacles
region near the Khumbu icefall. Spectral signatures represent an average of 20 individual
spectral measurements. Particulate and gravel covered snow reduces reﬂectivity in the visible
portion of the spectrum, with debris composition beginning to be expressed in the gravel on
snow signature (see reference spectral signature for sillimanite gneiss in Appendix A). The
mixed pixel (half snow, half ice) spectral measurements result in a change in the slope of the
reﬂectance from visible to near infrared. Clean snow and bare ice spectral acquisitions are
displayed for comparison.
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Fig. 6. Upper Ngozumpa glacier collected spectral signature of debris from 27 November 2009,
corresponding with sample 3N of sand. Field measured reﬂectance is plotted in red along
with spectral library reference reﬂectances of the 3 major minerals determined by XRD analy-
sis: biotite (31%), quartz (28%), and albite (28%) (ASTER spectral library reference numbers:
USGS231-HS28, AP-958-111, and USGS231-HS324, respectively). Corresponding ASTER
(AST 07XT) surface reﬂectance (60m2 comparison – 4× 4 pixels in visible bands 1–3, 2× 2
pixels in SWIR bands 4–9) from 29 November 2005 is over plotted in black diamonds.
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Fig. 7. Graph of two sets of reﬂectance ﬁeld spectra acquired on 27 November 2009 at the
upper Ngozumpa glacier site over mud of varying degrees of moisture (corresponding with
debris sample ID’s 1N, 2N). The set of spectra plotted by the red hues was visibly drier than
the set of spectra plotted by blue hues. A spectral library reference reﬂectance proﬁle of the
dominant mineral determined by XRD analysis, quartz, is over plotted in black (ASTER spectral
library No.382). Water content in the upper set of spectra is estimated at 5%, and 15–20% in
the lower set of spectra. Water absorption bands are shown at 1.4 and 1.9 μm, and hydroxyl
absorption at 2.2 μm. Water absorption features increase with greater moisture content and
conversely, hydroxyl absorption decreases with increasing moisture. While sediment grain size
is a factor in the intensity of the reﬂectance, moisture content dominates the intensity of the
signal.
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Fig. 8. Hyperion (13 May 2002) derived at-sensor reﬂectance plot (left) of Imja glacier debris
(blue) vs. Lhotse Shar glacier debris (red) spectral signatures with a Lhotse Shar ice spectral
signature shown for reference (black). An ALI (4 October 2010) 10m pan-enhanced true color
composite is shown on the right (courtesy NASA Earth Observatory) with the locations of the
Hyperion derived spectra for debris shown in blue and red dots and ice in the black X.
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Fig. 9. SWIR, TIR Landsat bands (5, 7, 6) (1.65, 2.2, 11 μm) false color composite from 24
January 2003 displaying geologic diﬀerences of Ngozumpa, Khumbu and Imja glacier debris.
Silicon dioxide rich granites are indicated by yellow coloring, while the blue color highlights
strong amounts of gneiss. The Khumbu glacier longitudinal schistic supraglacial debris band
reported by Fushimi et al. (1980) can be visualized in blue in this false color composite, as
well as similar longitudinal supraglacial debris bands on upper Ngozumpa glacier. Indication of
limited mass ﬂux can be seen by the distinct change in supraglacial composition that can be
visualized at the conﬂuence of the Khangri Shar, Khangri Nup and Khumbu glacier – negligible
mass is input to the Khumbu glacier. A diﬀerence in supraglacial debris on Ngozumpa vs.
Khumbu glacier can be visualized, XRD-derived mineralogy found Ngozumpa in situ samples
to be quartz, feldspar and mica dominant vs. Khumbu in situ samples that were mica, feldspar
and quartz dominant.
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Fig. 10. ASTER (L1B radiance data 29 November 2005) SWIR based silicate index (Eq. 2)
after Ninomiya et al. (2005) images of Ngozumpa glacier (left) and Khumbu glacier (right):
darker shades indicate lower amounts of silicates, brighter shades indicate higher amounts
of silicates. Cyan arrows on the Ngozumpa glacier point to areas of pulse like ﬂow that are
made more evident by the silicate index. The red arrow on the Khumbu glacier highlights
the distinct transition in debris type at the convergence of the Khangri Shar, Khangri Nup and
Khumbu glaciers. The Khumbu glacier longitudinal non-silicate rich schist band vs. the lateral
longitudinal glacier silicate-rich granite bands are evident.
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Fig. 11. SiO2 weight percent distribution thematic map based on ASTER thermal emissivity
bands after Miyatake (2000). Debris covered glacier areas are evident by elevated SiO2 content
in this region, perhaps due to the high supraglacial activity in terms of sediment transport,
deposition and glacial erosion.
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Fig. 12. Khumbu glacier regional Landsat TM (31 October 2009) derived surface temperature
map is displayed on the left. A graph showing a surface temperature transect down glacier
is shown on the right. In situ ground temperature measurements are indicated on the map
and graph by the purple “X” annotations. Glacier surface temperature increases approximately
15 ◦C two kilometers down glacier from the Khumbu icefall. In situ average temperatures of
0.4 ◦C for upper Khumbu, 2.4 ◦C for mid-Khumbu, and 6.7 ◦C for lower Khumbu sample sites
relate to Landsat TM LST’s of −3.2, 4.8, 3.4 ◦C, respectively.
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Fig. 13. The top portion of the image shows a ASTER L1B (29 November 2005) derived calcite
index Eq. (3, left), and a Landsat TM (31 October 2009) derived LST map of Ngozumpa glacier
study area. The graph below shows transect values of calcite index (light brown) and LST
(blue) across the upper Ngozumpa ablation area. It may be possible to analyze ablation rate
inﬂuences of diﬀerent mineral types, for example as shown in the transect graph in the lower
portion of the image, calcite rich areas correspond with higher glacier surface temperatures.
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Fig. 14. Glacier surface velocity and ﬂow directions are presented for Ngozumpa (left) and
Khumbu (right) glaciers based on repeat feature tracking of Landsat ETM+ 15m pan band
images (30 October 2000, 4 October 2002). Velocity shown in meter per year displacement
(by color) and ﬂow direction (by black arrows). Theoretical supraglacial particulate streamline
estimate the travel time from a to b on Ngozumpa glacier at 380 years, and travel time from c
to d on Khumbu glacier at 450 years. The streamline interpolation stops where velocities are
below the error margin of around 4m/yr. So, the ages from streamlines are minimum ages.
(Background image is Landsat ETM+ 15m pan band from 4 October 2002.)
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Figure A1. Reﬂective (VNIR-SWIR, left plot) and emissive (TIR, right plot) reference spectral
library mineral signatures are displayed with ASTER multispectral band wavelength positions
over plotted in gray. A y-axis oﬀset of 0.5 has been applied to the mineral spectra for visu-
alization purposes (maximum reﬂectance of spectra is 1). Emissivity values were calculated
using Kirchoﬀ’s Law (E = 1−R) where E is emissivity and R is reﬂectance. Note that measure-
ments are from the USGS spectral library of specimens collected in diﬀerent regions, at diﬀer-
ent grain sizes, and measured with diﬀering laboratory conditions. Hence, signatures should
be visualized with respect to general shape and potential characteristic features – which can
be modiﬁed with substitution of diﬀerent cations, among other factors). (Speciﬁc ASTER and
USGS VNIR-SWIR and TIR spectral library references: quartz HS117.3B-5842, 32B; ortho-
clase HS13.3B, NMNH113188; microcline NMNH135231; albite GDS30-144, NMNHC5390;
Ca-albite HS143.3B-5025, HS143.3B-3176; calcite WS272-1520, 194B; muscovite GDS108-
4689, PS-16A; phlogopite HS23, NMNH12458.)
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Figure A2. Reﬂective (VNIR-SWIR, left plot) and emissive (TIR, right plot) rock spectral signa-
tures are displayed with ASTER multispectral band wavelength positions over plotted in gray.
Emissivity values were calculated using Kirchoﬀ’s Law (E = 1−R) where E is emissivity and
R is reﬂectance. Note that measurements are from the USGS spectral library of specimens
collected in diﬀerent regions, and measured with diﬀering laboratory conditions. Hence, signa-
tures should be visualized with respect to general shape and potential characteristic features).
(ASTER rock spectral library references: granite NMNH113640-17, greenschist 392, sillimanite
gneiss Ward80.)
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